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The great tragedy of Science the slaying of a beautiful hypothesis by an ugly fact
T. H. Huxley
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ABSTRACT
The focus of the research done to date has been directed at the modification of the
ligand system, et-ph-P4, (Et2 P(CH2 >2 p(Ph)CH 2 P(Ph)(CH2 )2 PEt2 ) primarily to replace the
phenyl groups on the internal phosphorus atoms with various alkyl groups. This would
effectively tailor the electron density donated to the rhodium centers and control access to
the metal’s olefin binding site during hydroformylation catalysis. By changing the
organic substituents on the phosphorus atoms, the donor/acceptor properties of the ligand
can also be adjusted to optimize binding to the metal. In order to customize our ligand to
meet this requirement many routes towards the selective alkylation of phosphines were
explored before a breakthrough allowed us to obtain almost quantitative yield alkyl
substitutions.
We have developed a zinc-modified route that provides an effective one-pot
synthesis for the aryl or alkyl halo- or dihalophosphines. With this procedure the haloand dihalophosphines can be synthesized quantitatively and with stoichiometric control.
The organozinc route is not limited to alkyl or aryl groups with large steric bulk as noted
in the literature synthesis of halo and dihalophosphines using other organometallic
reagents.
We have also directed our efforts towards the synthesis of halogenated
bisphosphines. Our efforts have resulted in reproducible success in the synthesis of
bis(dichlorophosphino)methane starting with aluminum foil and dichloromethane.
However, the isolation of the desired bisphosphine is complicated, tedious, and gives low
yields. Attempts at improving the isolatable yields by using POCI3 by itself and in
conjunction with other reagents to complex aluminum trichloride have had little or no
X
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success. The best result obtained involves the use of Na3 P0

4

as a complexing agent for

AICI3.

The use of the polynuclear aromatic hydrocarbons with convex surfaces as
ligands for transition metal complexes has not been accomplished yet. Our
organometallic efforts are directed at exploring the coordination chemistry of these
aromatics with a variety of mono- and polymetallic transition metal centers. Although a
number of metals belonging to the early, middle and late transition series did show
modest to excellent coordination with corannulene, the complex itself was never isolated.

xi
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CHAPTER 1
INTRODUCTION
Homogeneous hydroformylation catalysis involves the transition metal assisted
reaction o f carbon monoxide and hydrogen with alkenes to produce higher aldehydes
(scheme 1.1). Early work involved the use of simple metal carbonyl catalysts, high
reaction temperatures and pressures, and low product selectivities. In the 1960’s it was
discovered that organophosphine substituted rhodium complexes produced far better
catalysts under milder reaction conditions. Hydroformylation, also known as the oxo
reaction, is the largest homogeneously catalyzed industrial process in the world.

catalyst

linear

branched

Scheme 1.1: General scheme for hydroformylation.
Roelen’s observation in 1938 that ethylene, H2 and CO were converted into
propanal and, at higher pressures, diethyl ketone, marked the beginning of
hydroformylation catalysis. 1 Cobalt catalysts were exclusively used for industrial
hydroformylation until the early 1970’s, when rhodium catalysts were commercialized.
Today the majority of all hydroformylation processes are based on rhodium
triarylphosphine catalysts which excel with C 3 to C 8 alkenes and where high
regioselectivities to linear aldehydes are important.

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Most aldehydes produced are hydrogenated to alcohols or oxidized to carboxylic
acids. Esterification of the alcohols with phthalic anhydride produces dialkyl phthalate
plasticizers that are used for polyvinyl chloride plastics. Detergents and surfactants make
up the next largest category followed by solvents, lubricants and chemical intermediates.
1.1. Mechanism for Hydroformylation
Although cobalt hydroformylation was discovered by Roelen, it was Heck and
Breslow2 who proposed the first reasonable mechanism for cobalt catalyzed
hydroformylation (figure 1.1). The basic steps in this cycle are: (1) the coordination of
the olefin to the metal, (2 ) olefin insertion into the metal-hydrogen bond to produce an
alkene, (3) formation of the acyl complex from the migratory insertion of CO with the
metal-alkyl, (4) the oxidative addition of molecular hydrogen, (5) and the final reductive
elimination of aldehyde and regeneration of the active catalyst. Depending on how the
coordinated alkene inserts into the metal hydride bond (step 2 ), the final aldehyde
produced may be either the linear or branched regioisomer. Generally the linear aldehyde
is the desired product.
Heck also proposed an alternative mechanism that represents one of the first
examples of bimetallic cooperativity, i.e., two metals working together in a homogeneous
catalyst system. He proposed that a second HCo(CO ) 4 could provide the hydride needed
for the reductive elimination of the aldehyde through an intermolecular hydride transfer. 3
The two metal centers then come together to form a Co-Co dinuclear complex, which
upon oxidative addition of molecular hydrogen breaks apart to reform the monometallic
catalytic species, HCo(CO)4. The main drawback for cobalt catalyzed hydroformylation

2
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is that the usual reaction temperatures (180 - 250°C) needed to obtain a reasonable
reaction rate requires rather high H 2 /CO pressures of 200 - 300 bar.
O
C

co

co:

+ CO
CO
Oc

I

Co

^ C o . ______
q

C

I

+ co

co
-CO
°c

Co

Figure 1.1: Heck-Breslow hydroformylation mechanism 4
In the late 1960’s with the advent of organophosphine-rhodium based catalytic
systems, hydroformylation catalysis entered a new era. Rhodium's main advantage over
cobalt is that it is a thousand times more reactive than cobalt and requires much milder
reaction conditions, namely, H2 /CO pressures of 5 - 25 atm and temperatures of 60 120°C (compared to 200 - 300 atm and 200 - 250°C for cobalt). Additionally, rhodium
phosphine catalysts are typically more stable and selective than their analogous cobalt
3
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counterparts. The Rh/PPh3 catalyst system has been extensively studied and essentially
all the steps involved in this catalytic cycle are the same as those proposed by Heck and
Breslow for the cobalt monometallic system.
Preutt and coworkers5 found that the use of rhodium with excess phosphine ligand
created an active, selective and stable catalyst system at 80 - 150 psi and 90°C.
Subsequently the first commercial hydroformylation process using rhodium and excess
triphenylphosphine was started in the early 1970’s by Union Carbide. The need for
excess phosphine arises from the facile Rh-PPh3 dissociation equilibrium shown in
scheme 1 .2 .

inactive

very active, but non-selective

A
PPh,
i
Ph,P —Rh—H
I
PPh,

1
PPh a
i
OC—Rh —H
I
PPh,

0

c

1
OC—Rh —H
PPh,

0
C
1
OC—Rh —H
I
C
o

Selective Catalyst
Scheme 1.2: Facile Rh-PPh3 dissociation equilibrium 4
Loss of triphenylphosphine from HRh(CO)(PPh3 ) 2 generates a considerably more
active, but less regioselective hydroformylation catalyst. The addition of excess
phosphine ligand shifts the phosphine dissociation equilibrium back towards the more
selective HRh(CO)(PPh3 ) 2 catalyst.
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1.2. Polymetallic Catalysts
There have been numerous reports on dimer and cluster catalysis for
hydroformylation and it was soon realized that cobalt and rhodium carbonyl dimers and
clusters were viable catalyst precursors for hydroformylation catalysts. 6 Suss-Fink and
coworkers7 have reported high product regioselectivities with [HRu3 (C O )n]\ The cluster
catalyst has high linear to branched regioselectivities of 70 : 1 for the hydroformylation
of propylene although the system is very slow. The question of whether the
hydroformylation is ocurring only on a single metal center or if one is having bi- or
polymetallic cooperativity in the catalysis is still unanswered. Suss-Fink has discussed
the possibility of bimetallic cooperativity but no strong evidence has been found.
A bimetallic catalyst that has attracted a fair bit of attention is the thiolate bridged
rhodium complex Rh 2 (p.-SR)2 (CO)2 (PR3 ) 2 studied by Kalck.8a This is an active catalyst
for hydroformylation of 1-alkenes although some excess PPh3 was proposed to be needed
to keep the bimetallic catalyst in the active Rh2 (p-SR) 2 (CO)2 (PR3 ) 2 state, since the
tetracarbonyl substituted bimetallic species Rh2 (n-SR) 2 (CO ) 4 is inactive. The proposed
bimetallic mechanism proposed by Kalck is as shown in figure 1.2. The mechanism relies
on several intramolecular hydride transfers, the first which leads to formation of the Rhalkyl complex and the second transfer assisting in the elimination of the aldehyde
product.
However there are a number of experimental observations on Kalck’s bimetallic
catalyst that indicates fragmentation to generate the monometallic species is occurring.
The selectivity of Rh2 0 i-SR) 2 (CO)(PR3 ) 2 is essentially the same as that seen for the
monometallic Rh/PPh3 catalyst. Also the effect on the rate and regioselectivity by adding
5
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excess PPh3 almost exactly parallels the monometallic rhodium catalyst. And finally there
is a catalyst induction period that would be consistent with the need to wait for
fragmentation to generate the monometallic complex. Recent work has clearly
demonstrated that this bimetallic system readily fragments under hydroformylation
conditions to provide a monometallic RhH(CO)(PPh3> 2 catalyst.

8
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Figure 1.2: Proposed bimetallic mechanism of the Kalck system4

6

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 2
HOMOGENEOUS BIMETALLIC HYDROFORMYLATION CATALYSIS
The use of bimetallic systems in hydroformylation catalysis is of interest to us and
has become the focal point of our research. There have been numerous reports of
intermolecular hydride transfers that can occur between metal hydrides and metal acyl
complexes. 9 Also polymetallic catalysts either in bimetallic or cluster form have been
used in catalytic hydroformylation. 10 Our intent is to take advantage of a metal assisted
intramolecular hydride transfer in a dinuclear species that will lead to a faster and more
selective hydroformylation catalyst. We have succeeded in developing a remarkable
bimetallic Rh-tetraphosphine hydroformylation catalyst. This bimetallic rhodium
complex provides an indisputable example of bimetallic cooperativity in
hydroformylation catalysis."
2.1. Stanley Bimetallic Hydroformylation Catalyst
At the heart of the catalyst system is a novel binucleating tetraphosphine ligand
that chelates and bridges two metal centers . 12 This ligand, Et2 P(CH 2 ) 2 P(Ph)CH 2 P(Ph)(CH2 )2 PEt2 (et,ph-P4), contains a central bridging bis(phosphino)methane moiety
(-PCH2 P-), two chelating bis(phosphino)ethane linkages (Et2 P(CH 2 )2 P-), and strongly
binding electron-rich mainly alkylated phosphines. This ligand was designed to
coordinate two metal atoms and hold them in proximity allowing for facile metal-metal
bond breakage and reformation, while inhibiting the dissociation and fragmentation of the
overall catalyst system. In addition, the ethylene linked arms allow the ligand to form
stable five-membered chelate rings with a metal center, which also helps to reduce
7
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fragmentation of the catalyst. The ligand has chiral centers at the two internal phosphorus
atoms and its two diastereomeric forms are shown (scheme 2 . 1 ).

PEt2

Ph

E t2P

racem ic • et,ph-P 4

Ph

m e so - et,ph -P 4

racem ic - Jt$ (et,ph-P4)

m e s o - /l£ (et,ph-P4)

Scheme 2.1: Diastereomeric forms of et,ph-P4 4
The hydroformylation studies of the bimetallic catalyst precursor Rh 2 (nbd)2 (et,phP4)](BF4 ) 2 (nbd = norbomadiene) began with 1-hexene. The results were remarkable,
showing very high product selectivities (28:1 linear to branched aldehyde ratio) and an
initial turnover rate of 640/hr for the racemic form of the catalyst (figure 2.1).
These results can be compared to the Union Carbide Rh/PPh3 catalyst system
which gives a linear-to-branched product selectivity of 17 : 1 with an initial turnover rate
of 540/hr for 1-hexene, with an 820 fold excess of PPh3, while our catalyst requires no
excess phosphine ligand. The excess phosphine in the Rh/PPh3 catalyst is required due to
the lability of the phosphine and their ease of replacement by CO. When a phosphine
8
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Figure 2.1: Uptake curves for hydroformylation of 1-hexene4
dissociates, the resulting di-, or even tri-carbonyl species becomes much more active,
greatly enhancing the rate, but with an accompanying drop in selectivity that dramatically
lowers the linear-to-branched aldehyde ratio. The chelating phosphine, et,ph-P4,
minimizes this ligand dissociation and thus negates the need for any excess phosphine to
be added to the reaction. This demonstrated that the Stanley bimetallic system is only
30% slower relative to the current best commercial system on a per rhodium basis, but
has a higher product selectivity ratio without requiring excess phosphine ligand. It should
be noted that the racemic form o f the catalyst is much more active than the meso form,
9
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which yielded only 55 turnovers per hour with an accompanying drop in selectivity to
14:1 and considerably higher side reactions.
2.2. Mechanism and Homobimetallic Cooperativity of Catalyst
Industrial and academic studies have shown that electron-rich chelating phosphine
ligands (especially those that form 5-membered chelate rings) almost always deactivate
monometallic rhodium centers towards hydroformylation , 5 greatly reduce the selectivity
to the linear aldehyde product, and greatly increase alkene isomerization and
hydrogenation side reactions. However this is not the case for the et,ph-P4 system. The
reason for the high rates achieved by this system can be explained by homobimetallic
cooperativity between the two rhodium metal centers, specifically, an intramolecular
hydride transfer (scheme 2 .2 ).
In order for this proposed intramolecular hydride transfer to occur, the two metal
centers must be able to closely approach each other. Molecular modeling studies carried
out using the SYB YL molecular mechanics/graphics program package have shown that
our catalyst can indeed access a closed-mode orientation in which the two rhodium
centers approach one another (scheme 2.2). This transfer can be seen in the currently
proposed bimetallic cycle shown in figure 2 .2 .
This proposed bimetallic cooperativity mechanism is centered around the
proposed dicationic dihydride complex [Rh 2 H2 (p-CO)2 (CO)2 (et,ph-P4)]2+. The starting
point of the cycle can be considered to be the open-mode complex Rh2 (CO)s(et,ph-P4)2+
(species 1) which reacts with hydrogen to produce the mixed Rh(+l)/Rh(+3) oxidation
state complex (species 2). The next step involves the rotation from the open-mode
structure to the closed-mode edge-sharing bioctahedral structure in which a dative bond
10
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Racemic

Meso

Scheme 2.2: Intramolecular hydride transfer4
between the Rh centers and hydride and CO bridging is proposed (species 3). This is the
first critical bimetallic cooperativity step in the catalytic cycle. The closed-mode edgesharing bioctahedral structure facilitates the transfer of one hydride to the other rhodium
center. This allows the formation of the symmetrical dicationic metal-metal bonded
dicationic rhodium complex (species 4). Olefin coordination to one of the rhodium
centers upon loss of a CO ligand (species 5), can then result in a migratory insertion
into the rhodium hydride bond to give the alkyl complex (species 6 ). Addition of CO to
the empty axial site followed by migratory insertion and coordination of another CO
ligand generates the acyl complex (species 7). The catalyst again relies upon cooperation
from the second rhodium to provide the hydride needed for the reductive elimination of
the final aldehyde product. This is the second bimetallic cooperativity step in the catalytic
11
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cycle. After the reductive elimination o f the aldehyde the catalyst species (species 8 ) can
either directly react with hydrogen to form species 3, or open up and react with CO to
form species 1. It is believed that either of these two pathways are possible.
2.3. Catalyst Binding Site
To explain the high selectivity o f our catalyst system, molecular modeling studies
conducted on the catalyst show a sterically enforced conformation that favors olefin
coordination and insertion in a terminal mode. By changing the substituents on the
internal phosphorus atoms the binding site can be tailored to allow the coordination of the
olefin in a specific way while greatly excluding or preventing other unfavorable modes of
coordination. Access to the rhodium center is largely controlled by the substituents on
the internal, and to a lesser extent, the external phosphorus atoms. The binding site and
how it directs olefin coordination and a space filling model are shown in scheme

2 .3

and

2.4. Substituents that because of their bulk block the space between the internal and
external phosphorus atoms will force the olefin’s alkyl substituent towards the opposite
side of the catalyst. Hydride insertion then occurs which gives the linear alkyl and then
eventually the linear aldehyde. If the branched aldehyde is desired then the substituents
on the internal and external phosphorus atoms can be tailored to allow the preferred
coordination of the olefin to allow the formation of the branched aldehyde product.

13
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Scheme 2.3: Olefin binding site4
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Scheme 2.4: Space filling model of olefin binding site4
14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 3
NEW ROUTES FOR LIGAND MODIFICATION
3.1. Synthesis of et,ph-P4
The synthesis of the et,ph-P4 ligand involves the combination of
bis(phenylphosphino)methane and diethylvinylphosphine as shown in figure 3.1. The
reaction of these phosphines is based upon the well known addition of a P-H bond to a
C=C bond.lj Originally AIBN [2,2’- azobis(isobutyronitrile)] was used as a free radical
catalyst for this reaction. 14 But a few years ago a simpler photolytic catalyzed reaction
was discovered. The photolysis reaction is quantitative and works quickest when the
(Ph)HPCH 2 P(Ph)H and Et2 P(CH=CH2) are reacted in the absence of solvent.
Unfortunately, this chemistry does not work very well for the synthesis of various
alkylated methylene bridged bisphosphines. 4 We have found that the application of
Stelzer’s method for synthesizing bis(phenylphosphino)methane from phenyl phosphine
and dichloromethane fails to work for alkyl bisphosphines. Hence the search for new
synthetic methods for the synthesis of modified bisphosphines.
DMF

2PhPH2 + 2KOH

►

2PHPH-

CH

2 C I2

►

Ph(H)PCH2P(H)Ph

hv

2 Et2P(HC=CH2)
racem ic - et,ph-P4

m e so - et,ph-P4

Figure 3.1: Synthetic route foret,ph-P4

4
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The bulk of the research done to date has been directed at the modification of this
ligand system, primarily to replace the phenyl groups on the internal phosphorus atoms
with various alkyl groups. This would effectively tailor the electron density donated to
the rhodium centers and control access to the metal's olefin binding site during
hydroformylation catalysis. In order to customize our ligand to meet this requirement
many routes towards the alkylation of phosphines were explored before a recent
breakthrough allowed us to obtain almost quantitative yields of alkyl substitutions.
3.2. Preparative History of Halophosphines (of type RPX2 and R2PX)
R2 PX, RPX 2 and PX 3 are important starting materials for a wide variety of
organic phosphorus compounds and are used in the preparation of phosphines of all
types. This makes their syntheses of considerable preparative importance. The R2PX and
RPX2 are liquids heavier than water with a sharp disagreeable smell and they are soluble
in many organic solvents. They react violently with water and alcohols. With increasing
molecular weight their chemical reactivity decreases.
3.2.1. From Aromatic Compounds and Phosphorus(III) Halides
Arylphosphonous dihalides or diaryiphosphinous halides can be prepared by the
following methods:
(a) By the reaction of diarylmercurials with phosphorus trichloride (equation 1)
in sealed tubes at a temperature of about 200°C. 16 This procedure is suitable for preparing
small quantities of the arylphosphonous dichloride

Ar2Hg

+

PCl3

----------- ►

ArPQ2

+

ArHgCl

(equation 1)

(b) By the reaction of aromatic hydrocarbons with phosphorus trichloride in the
16
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gas phase (equation 2). This method which was first described by Michaelis17 who took

ArH

PC13

AtFG2

+

HQ

(equation 2)

a mixture of the vaporized reactants passed through a glass or porcelain tube packed with
an alumina catalyst and heated to the required temperature. The products of the reaction
along with unchanged starting materials are condensed, returned to the reservoir and
recycled. The disadvantages of this process are the bulky apparatus required and the
danger of fire and explosion.
(c)

The reaction of aromatic hydrocarbons with phosphorus trichloride in the

presence of aluminum chloride (equation 3). This method which was also discovered by
Michaelis17 was at first of little value because of the slowness of the reaction and the poor

RH

+

PC13

AICI3

RPC12

+

HC 1

(equation 3)

yields. However, further developments have radically improved it. The Friedel-Crafts
reaction provides excellent conversion of phosphorus trichloride into complexes of either
PhPCN or Ph2 PCl. 18 The ratio of phosphorus trichloride to benzene (n : 1 ) is critical in
controlling the product balance (scheme 3.1). The addition of a different arene to the
dichlorophenylphosphine complex provides a route to unsymmetrical diarylphosphinous
derivatives. The main difficulty with this reaction is the formation of rather stable
halogenophosphine-aluminum trichloride complexes which cause low yields. Various
techniques have been employed to break down these complexes, the most successful of
which have been the addition of phosphoryl chloride or pyridine.
17
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PhH

+

nPCl3

+

A1C13

n>i

PhPCl2 :AlCl3
PhH

Ph2 PCl:AlCl3

ArPhPCl

Scheme 3.1: Critical control of product balance
3.2.2. From Phosphorus Acid Derivatives
Phosphonous and phosphinous acids react via direct chlorination to usually yield
phosphonic and phosphinic chlorides. If phosphorus trichloride is used as the chlorinating
agent these acids are converted into the corresponding P(IH) chlorides (equations 4 ) . 19
The production of phosphinous chlorides by this route is of considerable utility since the
secondary phosphine oxides R.2 HP=

0

are readily available from commercial materials.

An alternate route for the synthesis of phosphinous halides is by cleaving the P- amine
bond with HC1 (equation 5 ) . 19

(RO)2p f
H

+

PCI*

R2MgX

+

2HC1

R2 2 PC1

(equation 4)

(equation 5)

18
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3.2.3. From Phosphorus Halides and Organometallic Compounds
The general method for preparing aliphatic RPX 2 type compounds (scheme 3.2) is
by heating phosphorus trichloride with the following organometallic compounds: dialkylor diarylmercurials15, dialkylcadmiums20, tetraethyllead 21 and trialkylaluminums22. This
route can be used in turn to synthesize R2PX type compounds having the same or
different substituents.
RPCli type phosphines can be best prepared by reacting phosphorus trichloride
with organometallic compounds with reduced reactivity, such as R4 Pb, Bu3SnR or R 2 Cd.
Only when the alkyl group is sterically hindered can the more reactive Grignard or
alkyllithium reagents be used to selectively substitute one or two of the chlorine atoms of
phosphorus trichloride. Organolithium and Grignard reagents normally react with
phosphorus halides to give full substitution to PR3. Although it is not normally possible

R 2Hg

+

RHgCl

+

PCI3
PCI3

------------------- RPC12

+

RHgCl

--------------► R P C ! 2

+

H gCl 2

B ulMgCl + PCI3 --------------► BulPCl 2 +
Bu'M gCl + M ePCl 2
(PhCH2)2Zn
Me4Pb

+

+

2 PCI3
2PhPCl 2

--------------► Bu'MePCl
--------------- ► 2 PhCH 2 PCl2
--------------- ► 2 PhMePCl

M gCl 2
+

M gCl 2
+

ZnCI 2

+ M e 2 PbC l 2

Scheme 3.2: Preparation of halophosphines using organometallic reagents
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to stop reactions of the more reactive lithium reagents at an intermediate stage, reactions
with Grignard reagents can be stopped at the RPC12 or RiPCl stage by either the use of
low reaction temperatures or sterically crowded Grignard reagents. Representative
examples are given for the preparation of rerr-butyldichlorophosphine2^ (equation 6 ),
several chlorodiarylphosphines2 4 (equation 7) and the very hindered dichloro[tris(trimethyIsilyl)methyl]phosphine25 (equation 8 ).

PC13

+

Bu MgCl

PCI3

+

2 xylylMgCl

PCI3

+

(M e3Si)3CLi

3

Et.O
— ---- 2
- 20 to -10°C
EtoO
^ c lo R T ^

THF
q0£

Bu PCl-»
"

(xylyI)3PCl

(equation
M

6

)

(equation 7)

(M e3Si)3CPCl2 (equation 8)

The aikylation of phosphorus trichloride using tetraalkyllead compounds has been
investigated. Notwithstanding its toxic nature, it is a convenient route to some
compounds. The yields are excellent and the method can be used to produce
unsymmetrical dialkylchlorophosphines, RR’PCl by stepwise aikylation with R^Pb. 2 6
Functionalized RPCI2 or R2 PCI may be obtained from the trialkyltin compounds
(equation 9 ) . 2 7 Dichloro(methyI)phosphine2 8 and chlorodimethylphosphine2 9 are best
obtained by other routes as shown (equations 1 0 -1 1 ). The synthesis of Me2PCl
described in equation 11 was prepared from the reaction of PSC13 with MeMgl to give
the Me2 S(P)2 SMe2 which is further reacted with thionyl chloride to yield Me 2 PSCl which
can be desulfurized to yield the desired Me2 PCl.

20
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C12 PCH2CN

PC13 + Bu3 SnCH2CN

PC13 + Mel + A1C13
S
II
M e2P

S
II
PM e.

MePCl3 AlCl3 T
S
II
- Me-.PCI

(equation 9)

Fe - KC1

►MePCI3 (equation 10)

Me2PCI

(equation 11)

3.3. Preparation of Ordinary Organozinc Reagents by Transmetallation
Organozinc reagents are relatively unreactive organometallic reagents as a result
of the relatively high covalent character of the carbon-zinc bond. Because of this they can
tolerate a broad range of functional groups. The reactivity of organozinc reagents for the
addition to carbonyl compounds is also low due to the insufficient Lewis acidity of
Zn(II) . 3 0 Unfunctionalized ordinary organozincs react with a variety of substrates.
Alkenylzincs seem to be more reactive than their alkyl counterparts and allylic zincs are
highly reactive.
The transmetalation reaction of organolithiums and Grignard reagents with zinc
halides has proven to be among the most synthetically useful methods for preparing
organozinc reagents. Unfunctionalized and many functionalized organolithiums can be
easily prepared by lithiation or halogen lithium exchange, and their transmetalation
allows easy access to organozincs that cannot be easily prepared by oxidative metalation.
Organozinc halides and diorganozincs can be easily formed by reacting organometallics
with zinc halides or dialkylzincs in a

1

:

1

or

2

:

1

molar ratio, (equations

12

and 13)

respectively, mostly in diethyl ether or tetrahydrofuran at an appropriate temperature.
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Grignard reagents and lithium, aluminium, boron, mercury and cadmium organometallics
can be used for this purpose.

RM

+

ZnX2

----------- ►

RZnX

2 RM +

ZnX2

------------------- R2Zn

Methyl, 3 1 ethyl, 3 2 propyl, 3 3 iso-propyl,

33

+
+

butyl,

34

MX

(equation 12)

2 MX

(equation 13)

tert-butyl. 3 5 neopentyl. 3 7 and

hexyl3 6 zinc halides are prepared by transmetalation of Grignard reagents with zinc
halides. The transmetalation is of great synthetic utility and reaction temperatures
typically vary from -78°C to room temperature.
3.4. Experimental
All reactions and manipulations were performed using standard Schlenk and dry
box techniques. Tetrahydrofuran, diethyl ether and hexanes were distilled from
potassium/benzophenone, dichloromethane was distilled from CaH2, ethylene glycol
dimethyl ether was distilled from sodium/potassium amalgam, anhydrous toluene and
other solvents were purchased from Aldrich and used without further purification. All
reagents were obtained from Aldrich and Strem and used without further purification
unless otherwise indicated. Zinc chloride was dried by reflux in thionyl chloride and then
washed with hexane to ensure removal of moisture. 'H and 3,P NMR spectra were
recorded on either a Bruker 250 MHz or a 300 MHz (’H) spectrometer (101.2 MHz or
121.4 MHz for 3 IP). Chemical shifts for 'H and 3IP NMR are reported relative to TMS
(tetramethylsilane: internal standard) and H3PO4 (external standard), respectively.

22
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Synthesis of EtPCl?
A Schlenk flask containing zinc chloride (10.0 g, 0.074 mole) in 100 mL of dry
THF was kept stirring for 3 hours. To this was added ethylmagnesium chloride (36.7 ml,
0.074 mole, 2.0 M in diethyl ether) dropwise while keeping the temperature at 0°C. The
mixture was kept stirring for 12 hours. After which phosphorus trichloride (10.2 g, 0.074
mole) was added dropwise. The reaction mixture was allowed to stir overnight, after
which the white precipitate of magnesium and zinc salts was filtered off. The filtrate was
subjected to a distillation under atmospheric nitrogen pressure to isolate the desired
phosphine, which was obtained as a colorless oil at 113°C. Crude yield determined by 3,P
NMR showed 98% conversion to desired product. Isolated yield: 75%, jlP NMR (5
ppm): 197.2 (s) in acetone-d^
Synthesis of Et->PC1
A Schlenk flask containing zinc chloride (10.0 g, 0.074 mole) in 100 mL of dry
THF was kept stirring for 3 hours. To this was added ethylmagnesium chloride (36.7 ml,
0.074 mole, 2.0 M in diethyl ether) dropwise while keeping the temperature at 0°C. The
mixture was kept stirring for 12 hours. After which phosphorus trichloride (5.0 g, 0.036
mole) was added dropwise. The reaction mixture was allowed to stir overnight after
which the white precipitate of magnesium and zinc salts was filtered off. The filtrate was
subjected to a distillation under atmospheric nitrogen pressure to isolate the desired
phosphine, which was obtained as a colorless oil at 130°C. Crude yield determined by 3IP
NMR showed 100% conversion to desired product. Isolated yield: 73%, 3IP NMR
ppm): 116.9 (s) in acetone-d6

23
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(8

Attempted synthesis of Me^PCl
A Schlenk flask containing zinc chloride (10.0 g, 0.074 mole) in 100 mL of dry
toluene was kept stirring for one hour. To this was added methylmagnesium bromide
(52.4 ml, 0.074 mole, 1.4 M in toluene/THF) dropwise while keeping temperature at 0°C.
The mixture was kept stirring for 12 hours. After which phosphorus trichloride (5.0 g,
0.036 mole) was added dropwise. The reaction mixture was allowed to stir overnight
after which the white precipitate o f magnesium and zinc salts was filtered off. The filtrate
was subjected to a distillation under nitrogen which yielded the desired compound at
76°C. This fraction was on further analysis discovered to be composed of the desired
product and its azeotrope with toluene. Further attempts to isolate the desired product
were unsuccessful. 31P NMR ( 8 ppm): 96 (s) in acetone-d6
[Note: The above reaction was attempted using anhydrous diethyl ether and
tetrahydrofuran as solvent. However the product could not be isolated from these solvents
by distillation. The reaction was also attempted in high boiling solvents like benzene, oxylene, mesitylene and tetraglyme. The reactions in these solvents did not yield the
desired product.]
Attempted synthesis of Me^PCl in tetraglvme
To a 500 ml 3-neck round bottom flask was added methylmagnesium bromide
(62.4 ml, 0.087 mole, 1.4 M in toluene/THF) and 62.4 mL of anhydrous tetraethylene
glycol dimethyl ether. The solution was stirred and then the low boiling toluene and
tetrahydrofuran was removed in vacuo. After 4 hours to ensure solvent removal and at
0°C the Grignard in tetraethylene glycol dimethyl ether was added dropwise to a solution
of zinc chloride (11.9 g, 0.087 mole) stirred in tetraglyme. After allowing the reaction
24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

mixture to warm to room temperature and stir overnight, phosphorus trichloride (5.0 g.
0.036 mole) in 10 ml of tetraglyme was added dropwise at 0°C. After the addition was
complete the mixture was allowed to warm to room temperature and stir overnight. 3lP
NMR analysis of the crude reaction mixture showed that the Me2PCl (expected shift 8 =
96 ppm) product was not synthesized. jlP NMR (5 ppm): 17 (s), 14.4 (s), -48.8 (s), -53.5
(s), -61.4 (s), -63.9 (s) crude reaction mixture.
Attempted synthesis of Me->PC1 in butvl diglvme
To a 3-neck round bottom flask equipped with a mechanical stirrer and under a
nitrogen atmosphere was added zinc chloride (11.7 g, 0.088 mole) and immediately after
was added 80 mL of anhydrous butyl diglyme. The zinc chloride is insoluble in the butyl
diglyme. Methylmagnesium chloride (35.2 ml, 0.088 mole, 2.5 M in butyl diglyme) was
then added dropwise at 0°C which resulted in immediate clumping of the solids into a
grey colored ball. After allowing the reaction mixture to warm to room temperature and
stir overnight, phosphorus trichloride (5.0g, 0.036 mole) was then added dropwise while
keeping the reaction mixture cold. 31P NMR analysis of the crude reaction mixture after
stirring overnight showed no formation of Me2PCl (expected shift
desired product. 3IP NMR

(8

8

= 96 ppm), the

ppm): 100 (s), 35.1 (s), 17 (s), 14.4 (s), -4.3 (s), -47.7 (s), -

52.5 (s), -61.4(s), -63 (s) crude reaction mixture.
Attempted synthesis of Me^PCl in butvl diglvme/THF
To a 3-neck round bottom flask equipped with a mechanical stirrer and under a
nitrogen atmosphere was added zinc chloride (11.7 g, 0.088 mole) and immediately after
was added 80 mL of anhydrous butyl diglyme. To this was then added 50 mL of
anhydrous THF. When all the zinc chloride was dissolved the THF was removed in
25
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vacuo leaving a solubilized zinc chloride in butyl diglyme. Methylmagnesium chloride
(35.2 ml, 0.088 mole, 2.5 M in butyl diglyme) was then added dropwise at 0 °C which
resulted in immediate clumping of the solids into a gray colored ball. After allowing the
reaction mixture to warm to room temperature and stir overnight, phosphorus trichloride
(5.0g, 0.036 mole) was added dropwise while keeping the reaction mixture cold. jIP
NMR analysis of the crude reaction mixture after stirring overnight showed no formation
of MeiPCl (expected shift 5 = 96 ppm), the desired product. 3IP NMR

(8

ppm): 220 (s),

110.6 (s), 41.2 (s), 33.4 (s), 15.2 (s) crude reaction mixture.
Attempted synthesis of Me-.PCI in butvl ether
To a 3-neck round bottom flask equipped with a magnetic stir bar and under a
nitrogen atmosphere was added zinc chloride (11.7 g, 0.088 mole) and immediately after
was added 150 mL of anhydrous butyl ether. The zinc chloride is soluble in the butyl
ether. Methylmagnesium chloride (87.4 ml, 0.088 mole, 1.0 M in butyl ether) was then
added dropwise at 0°C which resulted in immediate precipitation of white solids. After
allowing the reaction mixture to warm to room temperature and stir overnight,
phosphorus trichloride (5.0 g, 0.037 mole) was added dropwise while keeping the
reaction mixture cold. The reaction mixture was allowed to stir for 24 hours and the
precipitate was removed by filtration through a glass frit in a nitrogen atmosphere. The
filtrate was then subjected to a distillation under nitrogen at regular atmospheric pressure
but the attempt isolate and identify this phosphorus compound was unsuccessful.
3IP NMR

(8

ppm): 71 (s) crude reaction mixture.
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Attempted synthesis of Me?PCl using dimethvlzinc in toluene
To a Schlenk flask containing dimethylzinc (18.2 ml, 0.036 mole, 2.0 M in
toluene) in 100 mL of dry toluene was added dropwise phosphorus trichloride (5.0 g,
0.036 mole) in 10 mL of dry toluene while keeping the reaction temperature at 0°C. The
reaction mixture was allowed to stir overnight after which the white precipitate of zinc
salts was filtered. The filtrate was analyzed by 31P NMR without further purification. It
was determined that some of the desired Me2 PCl
with MePCl2

(8

= 191 ppm) and unreacted PC13

(8

(8

= 96 ppm) was synthesized along
= 223 ppm). A 20% excess

dimethylzinc (3.64 ml, 0.073 mole) was added but the attempt to drive the reaction
towards completion remained unsuccessful. No attempt was made to isolate Me2 PCl.
[Note: The above experiment was performed several times while changing the solvent
from toluene to tetraglyme and ether without any success in driving the reaction to
completion.]
Attempted synthesis of Me-»PC1 using 1.4-dioxane as complexation agent
A Schlenk flask containing zinc chloride (23.8 g, 0.18 mole) in 100 ml of dry
ether was kept stirring for one hour. To this was added methylmagnesium bromide (52.2
ml, 0.18 mole, 3.0 M in diethyl ether) dropwise while keeping the temperature at 0°C.
The mixture was kept stirring for 12 hours. After which phosphorus trichloride (10.0 g,
0.073 mole) was added dropwise. The reaction mixture was allowed to stir overnight
after which the white precipitate of magnesium and zinc salts was filtered off. 1,4Dioxane (14.8 ml, 0.18 mole) was then added all at once and the reaction mixture was
allowed to stir overnight. The crude reaction mixture was analyzed by 3IP NMR and the
inability to detect the Me2PCl product after keeping it in solution for several days was
27
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believed to be a result of formation of the MeaPCI.ZnX? adduct (where X = Cl or Br)
which was observed as a cream colored precipitate. This proved that preferential
complexation of zinc chloride had not been achieved by reaction with 1,4-dioxane.
Attempted synthesis of MeiP(CH=CH?)
A Schlenk flask containing zinc chloride (11.9 g, 0.088 mole) in 100 mL of dry
diethyl ether was kept stirring for one hour. To this was added methylmagnesium
bromide (29.1 ml, 0.088 mole, 3.0 M in diethyl ether) dropwise while keeping the
temperature at 0°C. The mixture was kept stirring for 12 hours. After which phosphorus
trichloride (5.0 g, 0.036 mole) was added dropwise. The reaction mixture was allowed to
stir overnight after which the white precipitate of magnesium and zinc salts was filtered
off. The filtrate was analyzed by 31P NMR and the presence of a singlet at 5 = 96 ppm
confirmed the synthesis of Me^PCl. The filtrate was then transferred to a clean 500 ml
schlenk flask and to this vinylmagnesium bromide (28.8 ml, 0.029 mole, 1.0 M in THF)
was added dropwise while keeping the reaction mixture at 0°C. Immediate formation of
yellow color was detected and the reaction was kept stirring overnight. The volatiles
including the desired phosphine were separated from its reaction salts by performing the
trap to trap method. Analysis of the solution collected by 3IP NMR did not show the
presence of Me 2 P(CH=CH2 ), by absence of any detectable phosphorus resonances.
Attempted synthesis of Me?PCl using methvllithium
To a solution of phosphorus trichloride (10.0 g, 0.073 mole) in diethyl ether was
added drop wise methyllithium (104 ml, 0.15 mole, 1.4 M in diethyl ether) while keeping
the reaction mixture at 0°C. After the addition was finished the reaction mixture was
allowed to warm up and stirred overnight.
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P NMR analysis of the crude reaction
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mixture proved that the desired product was synthesized in low yield along with other
phosphine complexes that could not be identified. Isolation of the desired MeiPCl was
never attempted. 3,P NMR

(8

ppm): 223 (s), 181.3 (s), 180.2 (s), 97 (s), 21.4 (s), -51.3

(s), -53.6 (s) crude reaction mixture.
Attempted synthesis of MePCN
A Schlenk flask containing zinc chloride (10.0 g, 0.074 mole) in 100 mL of dry
toluene was kept stirring for one hour. To this was added methylmagnesium bromide
(52.4 ml, 0.074 mole, 1.4 M in toluene/THF) dropwise while keeping temperature at 0°C.
The mixture was kept stirring for 12 hours. After which phosphorus trichloride (10.2 g,
0.074 mole) was added dropwise. The reaction mixture was allowed to stir overnight
after which the white precipitate of magnesium and zinc salts was filtered off. The filtrate
was subjected to a distillation under nitrogen which yielded the desired compound at
81°C. This fraction was on further analysis discovered to be composed of the desired
product and its azeotrope with toluene. Further attempts to isolate the desired product
were unsuccessful. 3IP NMR

(8

ppm): 188 (s) in acetone-d<;

Synthesis of CV7PCI via zinc transmetalation
A schlenk flask containing zinc chloride (10.0 g, 0.074 mole) in 100 mL of dry
toluene was kept stirring for one hour. To this was added cyclohexylmagnesium chloride
(36.7 ml, 0.074 mole, 2.0 M in diethyl ether) dropwise while keeping temperature at 0°C.
The mixture was kept stirring for 12 hours. After which phosphorus trichloride (5.0 g,
0.036 mole) was added dropwise. The reaction mixture was allowed to stir overnight
after which the white precipitate of magnesium salts were filtered off. The solvent was
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removed in vacuo yielding the desired product as a pale yellow liquid. Isolated yield:
90%. jlP NMR (5 ppm): 128.7 (s) in acetone-de
Synthesis of Ph^PCl via zinc transmetalation
A Schlenk flask containing zinc chloride (9.6 g, 0.07 mole) in 100 mL of dry THF
was kept stirring for 3 hours. To this was added phenylmagnesium chloride (35.2 ml,
0.07 mole, 2.0 M in THF) dropwise while keeping temperature at 0°C. The mixture was
kept stirring for 12 hours. After which phosphorus trichloride (4.4 g, 0.03 mole) was
added dropwise. The reaction mixture was allowed to stir overnight after which the white
precipitate of magnesium salts was filtered off. The solvent was removed in vacuo
yielding the desired product as a colorless liquid. Isolated yield: 93%, 3IP NMR (5 ppm):
77.6 (s) in a ce to n e ^
3.5. Results and Discussion
As discussed earlier in the introduction to this chapter, the use of organolithium
reagents or Grignard chemistry have been applied in the synthesis of mono- or di
alkylated monophosphines of the type RPCli or RiPCl. However this type of chemistry
has severe drawbacks in the form of uncontrollability in the substitutions and therefore
results in the generation of many by-products, making the reaction particularly
unattractive. The diaryimercurials and tetra-alkylated-lead reagents are particularly toxic.
The use of organometallic compounds of reduced reactivity, such as R*Pb, Bu3SnR or
R2 Cd, although they generated a controlled and stoichiometric synthesis towards the
chlorophosphines, had limited practicality as the aikylation was possible only in cases
.

where the alkyl group was highly branched or of considerable steric bulk. This inability
to control the aikylation with small alkyl groups forced us to pursue other viable routes as
30
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an alternative method to prepare aromatic and aliphatic halo- or dihalo-phosphines. These
studies resulted in the discovery o f the use of organozinc chemistry in the preparation of
the various alkylated halophosphines.
This new route makes use of Grignard-like chemistry, the only difference being
that an alkyl or arylzinc halide is used that allows for the selective and controllable
aikylation or arylation of PCI3 . The reaction is a clean and quantitative one pot synthesis
that eliminates the need for complicated purification techniques. The reaction involves a
simple transmetallation reaction between zinc chloride and the readily obtained aryl or
alkylmagnesium halide to produce the desired organo-zinc halide. This is then reacted
with stiochiometric amounts of PCI3 to give the mono-, di- or tri- substituted phosphine
(figure 3.2).

RMgX + ZnCI2

► RZnCI + MgXCI

n RZnCI + POI3

^

R = Me, Et, Cy
Figure 3.2: Zinc modified synthesis of halophosphines
For the purposes of illustrating the practicality, ease and stoichiometric aikylation
achieved by using an organozinc halide, a case will be made of the synthesis of Et 2 PCl.
Our research group uses EtiPCl as a starting material for making the et,ph-P4
tetraphosphine ligand. Prior to this simple preparation we purchased the
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organophosphorus compound from Strem Chemicals for $ 2 6 / 1 gram. The phosphine is
synthesized by starting with the synthesis of two equivalents of ethylzinc chloride which
is obtained quite easily by in situ reaction of zinc chloride with ethylmagnesium chloride.
To the same reaction pot was then added a solution of one equivalent of phosphorus
trichloride in THF dropwise while keeping the reaction cool. After ensuring proper
stirring of the reaction mixture the inert by-product magnesium and zinc salts formed are
filtered away and the subsequent analysis of the filtrate by jIP NMR showed quantitative
conversion to the desired product. The desired phosphine could then be isolated by either
the removal of solvent in vacuo or by distillation.
Good stirring is a must for this reaction since it was found to be necessary for
complete reaction to occur. However if the analysis of the crude reaction mixture
suggested an incomplete reaction had occurred, the low reactivity of the organozinc
reagent can be used to advantage by adding a 20 —40% excess organozinc reagent to the
reaction mixture to facilitate complete reaction. In later experiments in an effort to
minimize the occurrence of incomplete reaction a 20 —40% excess of organozinc reagent
was factored into the initial stoichiometric requirement to ensure complete conversion of
phosphorus trichloride to the desired Et 2 PCl. Hence it was possible to prepare Et2 PCl in
high yields, which is an essential starting material for the et,ph-P4 ligand. Also because
of the very clean reaction, distillation was not required. In marked contrast, the synthesis
of Et2PCl using two equivalents of Grignard reagent produces a mixture of mono-, diand tri-substituted phosphines along with unreacted phosphorus trichloride and other
unidentified phosphine side-products. If this was not enough to discourage the use of
Grignard reagents for the synthesis, the boiling points of the mono-, di- and tri32
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substituted phosphines (figure 3.3) are so close that their separation is even more
complicated.

R2PCI + R'MgX

1 ■

» R2PR' + CIMgX

PCI3 + EtMgX

J
EtPCI2 + Et2PCI + Et3P
116 ° C

130 °C

128 ° C

Figure 3.3: Boiling points of products obtained by Grignard reaction.

The jlP NMR of the crude reaction mixtures of the Et2 PCl reaction using
ethylmagnesium chloride and ethylzinc chloride are shown in figure 3.4.
From these contrasting NMR’s we can easily see that the zinc modified route is better.
For purposes of illustration only, the spectrum of incomplete conversion to Et2 PCl is
used. The minor side-product, i.e., the mono-substituted phosphine can be converted to
the dialkylated product by further reaction of 0 . 2 equivalents of the relevant organozinc
reagent or can be removed by distillation.
Hence the procedure provides an attractive route towards the synthesis of mono
and dihalo phosphines bearing aryl or alkyl substituents. In this fashion the mono- or di
alkylated ethyl, phenyl and cyclohexyl phosphines were synthesized. A massive effort,
the details of which are discussed later, was invested in the synthesis of the mono- and
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Figure 3 .4 :31P NMR of Et2 PCl prepared by Grignard and zinc modified route
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di-methyl substituted halophosphines with mixed success. The only disadvantage
detected with the zinc modified route is that after complete reaction has occurred, if the
product is not isolated from the precipitated salts there is decreased yield. This may result
from the formation of a phosphine-zinc adduct.
3.5.1. The Methyl Anomaly
The synthesis of MePCT and Me 2 PCl has historically been difficult. Although
procedures exist for synthesizing these ligands they are not without complications arising
from the instability of handling organometallic reagents bearing the much smaller methyl
substituent. Also the synthetic technique used is a very complicated multiple step
procedure that sometimes includes the risk of fire or
explosion. It was therefore hoped that the discovery of the use of alkylzinc halides as
discussed earlier would provide a new selective and controllable route towards the
synthesis of this particularly elusive methyl version of the ligand. However we have had
mixed success with this procedure.
The synthesis of the MejPCl and M ePCf was achieved by following the zinc
modified procedure as discussed earlier for the synthesis of halo and dihalophosphines.
Although it is possible to synthesize the desired ligand using either diethyl ether or
tetrahydrofuran as solvent, a complication arose at the time of isolation where, because of
the low boiling nature of the desired phosphine, the solvent could not be merely removed
in vacuo because of the volatility of both product and the solvent. Hence, a move was
made to shift to a higher boiling solvent like toluene, which would then facilitate the
distillation of the lower boiling phosphine from its solvent after separation from the salts
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Figure 3 .5 :31P spectra of undistilled Me2PCl in toluene
formed. The crude 31P NMR of the undistilled reaction mixture shows complete
conversion of phosphorus trichloride to the Me2PCl (figure 3.5).
Distillation of the filtrate was attempted under atmospheric nitrogen pressure
and after the collection of the fraction boiling at 76 - 80°C the distillation was stopped.
Analysis by 3IP NMR showed the singlet at 96 ppm corresponding to Me2PCl but the *H
NMR showed that there was a significant amount of aromatics present. From this it was
concluded that the desired phosphine had azeotroped with its toluene solvent. Further
distillation of the azeotroped mixture to isolate the desired phosphine was unsuccessful.
This was further complicated by the possible polymerization of the phosphine during
distillation as explained by the eventual appearance of new uncharacterized peaks in the
3IP spectrum of the distillate and the distilling mixture.
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3.5.2. The Use of High Boiling Solvents to Aid Isolation
In an effort to obtain a procedure that would facilitate isolation of the Me2PCl and
MePCli, numerous experiments were performed, each with changes in the technique
and/or solvent used. A major emphasis was put on the search for a high boiling solvent
system to be used in conjunction with the organozinc route. Several experiments were
conducted while employing such high boiling solvents as benzene, o-xylene, mesitylene
and tetraethylene glycol dimethyl ether (tetraglyme). On analysis of the crude reaction
mixtures of each experiment by 31P NMR it was concluded that there was either
incomplete or no conversion of PCI3 to the desired product. Tetragylme, in particular,
produced a number of unknown peaks making it a particularly unattractive solvent
system (figure 3.6). Another problem was that the zinc chloride was generally insoluble
in these solvents and this limited solubility may offer an explanation for its lack of
reactivity with the Grignard to form the desired organozinc reagent.
3.5.3. Use of Grignard in High Boiling Solvents to Aid in Isolation of MejPCI
We hoped that a shift to a methyl-Grignard reagent in a high boiling solvent
system would solve the isolation problem. By exploiting the lower volatility of the
solvent it would then become possible to isolate Me2PCl by simple low temperature
trapping or distillation.
One of the first experiments attempted involved the use of tetraglyme
(tetraethylene glycol dimethyl ether). However since methylmagnesium chloride in
tetraglyme cannot be commercially obtained, several attempts were made to synthesize
the Grignard in tetraglyme by solvent exchange. The procedure involved the addition of
an equivalent volume of dry tetraglyme to the methylmagnesium bromide (1.4 M in
37
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Figure 3 .6 :3IP of unexplained peaks arising from attempted synthesis of MeiPCI in
tetraglyme
toluene/THF) and then with vigorous stirring at room temperature or lower, the lower
boiling toluene and THF were removed under vacuum. It was observed that as the
THF/toluene solvent was removed a greyish precipitate appeared.
After a few hours under vacuum it was assumed that all the low boiling solvent
was removed and what was now present in the flask was methylmagnesium bromide in
tetraglyme. This reagent was then added dropwise to a solution o f zinc chloride in
tetraglyme at 0°C to prepare the methylzinc chloride. This was then reacted with
phosphorus trichloride and the crude reaction mixture was analyzed by 3IP NMR.
Analysis showed the presence of several peaks upfield that remain unidentified (figure
3.6). There was no indication of the synthesis of Me2 PCl. Distillation to isolate these
unidentified phosphine compounds was not successful and on further analysis by 3IP
38
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NMR of the mixture in the distilling flask it was observed that even more compounds had
been formed, probably due to decomposition or coupling side reactions.
A possible reason for the non-formation of Me2PCl might be due to complications
at the solvent exchange step to make methylmagnesium bromide in tetraglyme. The high
reactivity of the methyl Grignard could indicate that the original MeMgX was
transformed to Me2Mg and MgCl2 at the time of solvent exchange through a phenomenon
called Schlenk equilibrium.

We have observed in the past that R2Mg reagents often are

substantially less reactive than RMgX.
Another attempt at using a Grignard in a high boiling solvent became available
because of the recent synthesis and development of Grignard chemistry at Grant
Chemical Division of Ferro Corporation. Their preparation of methylmagnesium chloride
(2.5 M) in butyl diglyme [Bu0(CH 2 )2 0(CH 2 ) 2 0B u] gave us an opportunity to
demonstrate that a high boiling solvent could aid in isolation of Me2 PCl.
But an immediate problem was detected at the time of preparing the organozinc
reagent in butyl diglyme. Zinc chloride was found to be insoluble in butyl diglyme and on
addition of the Grignard, immediate clumping of solids was detected. The latter addition
of phosphorus trichloride to this clumpy mixture failed to make Me2 PCl. Thus, it is very
likely that the organzinc reagent was not synthesized. In order to overcome the problem
of insolubility of the zinc chloride in butyl diglyme, dry tetrahydrofuran was added. The
zinc chloride then goes into solution easily. But the THF must be removed prior to
reaction with phosphorus trichloride or we face the azeotrope problem again. When the
THF is removed in vacuo the zinc chloride stays in solution but on addition of the
MeMgCl it clumps up and prevents the alkylation of phosphorus trichloride.
39
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The next attempt was to use methylmagnesium chloride (1.0 M) in butyl ether.
Although butyl ether is not as high boiling as glymes it was hoped that the solubility
problem of zinc chloride could be overcome, while at the same time allowing us to
preferentially trap out the desired phosphine after synthesis. This reaction proceeded
smoothly and the 3,P NMR of the crude reaction mixture showed one peak at - 70 ppm.
This was too far upfield from Me2PCl (96 ppm) to be explained as a solvent shift effect.
Although it was never determined, this shift in 31P resonance could be an indication of
Me2PCl complexed with Zn+2. Efforts to isolate this phosphine product by distillation
proved unsuccessful.
3.5.4.

Use of Dialkylzitic and RLi to Realize the Synthesis of MejPCI

A section of our research group had obtained success in the synthesis of Et2PCl
by reacting commercial diethylzinc solutions with phosphorus trichloride. Although the
use of dimethylzinc as a reagent for the synthesis of Me2PCl was not our first choice,
some reactions were performed to explore the validity of this route.
One of the first attempts involved the reaction of dimethylzinc (2.0 M) in toluene
with phosphorus trichloride (Scheme 3.3). The reaction mixture was analyzed and was
determined to contain mono-substituted product along with some di-substituted product.
The addition of excess diethylzinc in order to push the equitbrium to the right proved
unsuccessful. The reaction was also tried in solvents like ether and tetraglyme but
resulted in minimal success.
Organolithium reagents, like Grignard reagents, are highly reactive and are not
usually suitable for the alkylation of phosphorus trichloride unless the alkyl group is
bulky. But since a method to substitute methyl groups was not forthcoming one reaction
40
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PC13

Me^Zn
Toluene

Me2PCl (?)

PC13

MeLi
Et20

Me2PCl (?)

Scheme 3.3: Attempted synthesis using dimethylzinc and methyllithium
was attempted to prove that methyllithium (scheme 9) would indeed not work for the
synthesis of Me 2 PCl. The reaction was performed by adding dropwise the methyllithium
(1.4 M in diethyl ether) to a solution of phosphorus trichloride in diethyl ether held at
0°C. Analysis of the crude reaction mixture by 3IP NMR showed a large number of peaks
similar to that seen with Grignard reagents.
3.5.5. Use of Complexation Agents to Aid in Isolation
There are two reasons why the isolation of Me2PCl could not be achieved. The
inability to separate the desired phosphine from the reaction solvent by distillation due to
azeotroping with solvent and the complexation of the phosphine with zinc chloride which
results in isolation difficulties. Hence, it was decided that a solution could be found by
either trying to complex the zinc chloride after the synthesis of Me2PCl or by reacting the
Me2PCl in situ to generate a new product that can then be isolated.
1,4-Dioxane has been used in the purification of zinc chloride and adducts of zinc
with dioxane have been reported. 3 9 To achieve the complexation of the zinc chloride, the
reaction was carried out in diethyl ether (equation 14). After the synthesis the presence of
Me2PCl was verified by 3IP NMR analysis of the crude reaction mixture. The salts were
then filtered and to the solution was added 1,4-dioxane. The solution was stirred
41
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overnight and left standing for some time. 3IP NMR analysis on the crude reaction
mixture determined the stability of the Me2 PCl in solution. However, this experiment
did not yield the desired result since it was observed that the concentration of phosphine

MeMgCl

+

ZnCl2

(1) PC 13— ►
(2) 1,4-Dioxane

Me2PCl

(equation 14)
in solution decreased with time. The formation of an unknown cream colored precipitate
overtime was also an indication that preferential 1,4-dioxane complexation of zinc
chloride was not achieved.
The other approach to overcome the isolation problem was to totally bypass the
isolation issue by in situ reaction of the phosphine with organometallic reagent so as to
generate a new phosphine or to derivatize it. It was hoped that the new or derivatized
phosphine would possess a higher boiling point thereby facilitating its isolation.
The easiest approach was to generate the Me2PCl in THF and then react it in situ
with vinylmagnesium bromide (1.0 M) in THF to prepare Me 2 P(CH=CH2), one of the
starting materials needed to prepare our methyl substituted P4 ligand me,ph-P4. This
reaction results in an orange colored solution and after stirring for 2 hours the volatiles
are stripped off and trapped at low temperature. In this way we hoped that the Me2PCl
would be converted to dimethylvinylphosphine, which can then be reacted with
bis(phenylphosphino)methane to give the me,ph-P4 ligand by photolysis (scheme 3.4).
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MeMgCl
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^Ph
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•PMe;
PM©2

racemic & meso - me,ph-P4

Scheme 3.4: Attempted transformation of Me2 PCI to me,ph-P4

However, it was observed that after the isolation of the Me2PC17THF solution
from its magnesium and zinc salt by-products and on further reaction with
vinylmagnesium bromide in THF, no dimethylvinylphosphine was observed by 31P NMR
analysis.
3.6. Conclusion
The zinc modified route provides an effective one pot synthesis for the aryl or
alkyl halo or dihalophosphines. With this procedure the halo and dihalophosphines can
be synthesized quantitatively and with stoichiometric control. The organozinc route is not
limited to alkyl or aryl groups with large steric bulk as noted in the literature synthesis of
halo and dihalophosphines using other organometallic reagents. Also the reduced
reactivity of zinc can be made use o f by using a 20 - 40% excess reagent thus ensuring
43
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complete conversion of the starting phosphine to the desired product. The only
drawbacks to this procedure is that an immediate isolation of the product is required to
prevent lowered yields due to adduct formation. Although the procedure allows for the
synthesis of the very desirable Me 2 PCI in high yields, this product could not be isolated
from its reaction mixture by conventional methods. The best synthetic route to Me2PCl
based on 3IP NMR of the crude reaction mixture was obtained in THF/toluene as
described on pg. 24 of this chapter.

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CHAPTER 4
THE TETRACHLOROBISPHOSPHINES AND THEIR ALKYLATED
ANALOGUES
Bisphosphines are of considerable interest as ligands due to the ability to
electronically and sterically tune them for catalyst systems. The use of ethylene or
propylene bridges produces bisphosphines that are excellent chelating ligands. The use of
a central methylene group, however, tums the bisphosphine into a ligand system that has
a strong preference for bridging two metal centers. While phenyl substituted
bisphosphines like Ph 2 PCH 2 PPh2 (dppm) and Ph 2 PCH 2 CH 2 PPh2 (dppe) are quite easy to
synthesize, the alkylated versions can be very difficult to make.
4.1. Methylene Bridged Halogenated and Alkylated Bisphosphines
Bis(dichlorophosphino)methane (CI2 PCH 2 PCI2 ) has been used in the syntheses of
a variety of bidentate ligands with a P-C-P skeleton. The original preparation for this
bisphosphine was reported by both Sommer4 0 and Fild 41 Later Novikova et al published
a synthesis using dichloromethane, aluminum and phosphorus trichloride as starting
materials. 4 2 Aluminum and dichloromethane react to give the organoaluminum
compounds CI2 AICH2 AICI2 and Cl2 Al(CH2 AICl)nCH 2 AlCl2 , which when reacted with
phosphorus trichloride yields CI2 PCH2 PCI2 . While studying this reaction in order to
increase the yield for CI2 PCH 2 PCI2 it was found that in addition to the desired product, a
tridentate chlorophosphine, CI2 PCH2 PCICH2 PCI2 was also formed in low yield. The diand tri-phosphine compounds are suitable starting materials for the preparation of
alkylated bi- and tri-dentate phosphines respectively.
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Although the reaction of aluminum with alkyl halides to give alkylaluminum
sesquihalides has been known for over a century, the reaction of aluminum with
dihalomethanes had not received much attention before the 1960’s. In 1966 Lehmukuhl
and Schafer4 3 published the first synthesis of CI2 PCH2 PCI2 by reaction of aluminum with
dichloromethane initiated with small amounts of dibromomethane. Direct reaction of
aluminum with dichloromethane does not occur because of the inability of CH2 CI2 to
breach the AI2 O 3 oxide protective coating. Other workers have used HC1 and CN to act as
initiators for the reaction. 4 4 These probably help breech the surface oxide coating on the
aluminum and thus provide a fresh metal surface for reaction with dichloromethane. The
successful synthesis of CI2 AICH2 AICI2 is an important precursor for the transmetalation
reaction with phosphorus trichloride that produces CI2 PCH 2 PCI2 .
4.2. Ethylene Bridged Halogenated and Alkylated Bisphosphines
Complexes formed using Me2 PCH 2 CH 2 PMe2 have increased electron density at
the metal atom and are particularly reactive compared with the popular Ph 2 PCH2 CH 2 PPh 2
(dppe) ligand. However, the preparation of Me 2 PCH2 CH 2 PMe 2 is a lengthy and difficult
process. The preparation of l,2-bis(dimethylphosphino)ethane has been performed by
metalation of phosphine with sodium, followed by methylation of the resulting sodium
phosphide with iodomethane. Two further metalation-methylation sequences using
sodium amide and iodomethane produce sodium dimethylphosphide, which is treated
with 1,2-dichloroethane in liquid ammonia to give the bisphosphine (scheme 4.1) . 4 5 Other
procedures involve heating tetramethyldiphosphane with ethylene (scheme 4.2) or
tetramethyldiphosphane disulfide with ethylene 4 6 '4 7 (scheme 4.3). Both of these reactions
need to be performed under ethylene pressure, the latter is followed by desulfurization
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with tributylphosphine. 4 8 The preparations of the bisphosphine by these methods all
involve multistage syntheses, toxic reagents, and low yields.

p H,M e

(1) Na/liq. NH3
(2) M el

(2) M el

PHMe2
(1) Na/liq. NH3
(2) CICH2CH2CI

M e ,P C H ,C H ,P M e ?

Scheme 4.1: Hayter synthesis for l,2-bis(dimethylphosphino)ethane

PSCI3

MeMg1^ Me2PS

PSMe-

Fe

Me?P— PMe?
(1) Na/Uq. NH 3
(2) CICH 2 CH 2C1

M eo P C H 'jC H 'jP M e-!

Scheme 4.2: Chatt synthesis for l,2-bis(dimethylphosphino)ethane

Me 2 PS—PSMe 2

!■>/ Ethylene

-----

Me 2 PSCH 2 CH 2PSM e 2
(a) PBu3

or (b) Fe

Me 2PCH 2 CH 2 PM e 2
Scheme 4.3: Parshall synthesis for l,2-bis(dimethylphosphino)ethane
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A newer procedure (Scheme 4.4), involves the reaction of white phosphorus,
phosphorus trichloride and ethylene in a stainless steel autoclave at 200°C for 16 hours to
give l,2-bis(dichlorophosphino)ethane. 4 9 The tetrachlorodiphosphine was then allowed to
react with an excess of Grignard reagent to give the appropriate alkylated bisphosphine . 5 0

3 H 2C— CH2

+ 2P

+ 4 PC13

200°C
i'

C12P

PC12

Scheme 4.4: Toy synthesis for 1.2-bis(dichlorophosphino)ethane
This synthesis of the CI2 PCH2 CH 2 PCI2 provides an alternate route to the highly
desired alkylated versions of this ligand. But the synthetic procedure used requires the
use of complicated low yield chemistry, hence our search for an alternate route for the
synthesis of this highly desired precursor.
4.3. Experimental
All reactions and manipulations were performed using standard Schlenk and dry
box techniques. Tetrahydrofuran, diethyl ether and hexanes were distilled from
potassium/benzophenone, dichloromethane was distilled from CaH 2 , ethylene glycol
dimethyl ether was distilled from sodium/potassium amalgam, anhydrous toluene and
other solvents were purchased from Aldrich and used without further purification. All
reagents were obtained from Aldrich and Strem and used without further purification
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unless otherwise indicated. *H and 3IP NMR spectra were recorded on either a Brucker
250 MHz or a 300 MHz (lH) spectrometer (101.2 MHz or 121.4 MHz for 3 ,P). Chemical
shifts for ‘H and jIP NMR are reported relative to TMS (tetramethylsilane: internal
standard) and H3PO4 (external standard), respectively.
Starting synthesis of CNPCHyPCl;
Part A: To a 2 liter two necked flask equipped with a condenser was added
aluminum foil (30 g, 1.11 mole) cut into 1 inch squares which are subjected to vacuum
for 2 hours. Then 1 liter of dry dichloromethane was added under nitrogen and the
mixture refluxed. While under reflux, 25 mL of dibromomethane and 5 mL of
diiodomethane are added. The solution soon turned a brown color and was refluxed for
24 hours until all the aluminum had reacted. An insoluble gray precipitate was detected
but was not removed. To this was added via cannula a solution of phosphorus trichloride
(153 g, 1.11 mole) in 300 mL of dry DCM. The mixture was allowed to reflux for 3 hours
and was cooled before phosphorus oxychloride (170 g, 1.11 mole) in 100 mL of dry
DCM was added dropwise.
Part B: The reaction mixture was then concentrated to half volume and filtered
through a glass frit to remove the precipitate. The precipitate was washed three times
with dry dichloromethane (50 mL x 3). After this the excess dichloromethane, and
unreacted PCI3 and POCI3 were removed under vacuum till a brown paste was detected in
the flask. This was then distilled under full vacuum (1 mm Hg) to yield the desired
product as a colorless oil at 53°C. Isolated yield: 10%, 3,P NMR

(8

ppm): 175 (s) in

acetone-de
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Synthesis of CI7 PCH7 PCI-) using tetraglyme (1.11 mole)
Part A: This synthesis was carried out as described in part A of the reference
synthesis described on pg. 49.
Part B: The mixture was refluxed overnight and after cooling, tetraethylene glycol
dimethyl ether (247 g, 1.11 mole) was added to the reaction mixture and refluxed
overnight. After cooling the excess dichloromethane. and unreacted PCI3 and POCI3 were
removed under vacuum till a resulting brown paste was detected in the flask. Upon
further addition of 200 mL of tetraglyme the product was removed under full vacuum (1
mm Hg) as a colorless oil at 53°C. Isolated yield: 15%, 3IP NMR

(8

ppm): 175 (s) in

acetone-dtf
[Note: Attempts to duplicate the isolation of CI 2 PCH 2 PCI2 using tetraglyme was not
successful and the reader must remain aware o f the fact that we have since proved that
tetraglyme is not recommended for use in the synthesis or isolation of organophosphorus
compounds]
Synthesis of CLPCELPCl? using sodium chloride (1.11 mole)
Part A: This synthesis was carried out as described in part A of the reference
synthesis described on pg. 49.
Part B: The mixture was then refluxed overnight and after cooling, sodium
chloride (64.9 g, 1.11 mole) which was dried under vacuum for 6 hours was added to the
reaction mixture which was allowed, once again, to reflux overnight. It was observed that
the sodium chloride was not very soluble in dichloromethane. The reaction mixture was
concentrated to half volume and then filtered. The precipitate was washed three times
with dry dichloromethane (50 mL x 3). The filtrate was then further concentrated to
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remove excess dichloromethane, and unreacted PCI3 and POCI3 . The brown paste was
distilled under full vacuum (1 mm Hg) to yield the desired phosphine as a colorless oil at
53°C. Isolated yield: < 10%, 31P NMR

(8

ppm): 175 (s) in acetone-cL

Attempted synthesis of C1->PCH->PC1? using pyridine ( 0.55 mole)
Part A: This synthesis was carried out as described in part A of the reference
synthesis described on pg. 49.
Part B: The mixture is allowed to reflux for 5 hours and was cooled before dry
pyridine (44.3 g, 0.55 mole) was added. The reaction mixture was then concentrated to
half volume and filtered through a glass frit to remove the precipitate. The precipitate was
washed three times with dry dichloromethane (50 mL x 3). After this, analysis of the
filtrate by 3IP NMR showed that the desired product had not been synthesized. Further
reflux of the reaction mixture for 24 hours did not result in the formation of the desired
bisphosphine. 31P NMR (5 ppm): 217.9 (s), 191.8 (s), 157.6 (s) 65.4 (broad) crude
reaction mixture.
Synthesis of CI7 PCH7 PCL using pyridine and POCL (0.55 mole)
Part A: This synthesis was carried out as described in part A of the reference
synthesis described on pg. 49.
Part B: After keeping the mixture at reflux for 12 hours, pyridine (44.3 g, 0.55
mole) was added dropwise. The reaction mixture was then concentrated to half volume
and filtered through a glass frit to remove the precipitate. The precipitate was washed
three times with dry dichloromethane (50 mL x 3). After this analysis of the filtrate by
3IP NMR showed formation of the desired product. The filtrate was concentrated to a

51

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

brown paste and the desired product was distilled under full vacuum (1 mm Hg) as a
colorless oil at 53°C. Isolated yield: 5%, 3,P NMR (5 ppm): 175 (s) in acetone-d*
Attempted synthesis of CLPCH->PCl-> usine PEG (4000) (0.55 mole)
Part A: This synthesis was carried out as described in part A of the reference
synthesis described on pg. 49.
Part B: The reaction mixture was allowed to reflux overnight and then cooled
before transferred by cannula to another flask containing PEG (4000) (144.0 g, 0.55
mole) in 500 mL of dichloromethane. After reflux overnight, triethylamine (7.2 g, 0.072
mole) was added and the solution turned a cloudy yellow. The crude reaction mixture
was analyzed by 3,P NMR which showed that the desired product had not been
synthesized. Further reflux of the reaction mixture did not result in the formation of the
desired bisphosphine. 3IP NMR
73.3 - 72 (d),

6 8 .8

(8

ppm): 223.6 (s), 163.5 (s), 117.9 (s), 108.2 - 106.6 (d),

(s), 29 - 24.3 (broad d).

Attempted synthesis of CLPCFLPClp using DABCO (0.37 mole)
Part A: This synthesis was carried out as described in part A of the reference
synthesis described on pg. 49.
Part B: The reaction mixture was allowed to reflux overnight and then cooled
before a solution of DABCO [diazabicyclo(2.2.2)octane] (41.5 g, 0.37 mole) in 75 mL of
dichloromethane was added dropwise. The immediate formation of a brown precipitate
was detected and the solution became very heavy in precipitate which impeded agitation.
Dry dichloromethane (175 mL) was added by cannula to the reaction mixture and this
was allowed to reflux overnight. The crude reaction mixture was analyzed b y 31P NMR
which showed that the desired product had not been synthesized. The filtrate was
52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

concentrated to a brown paste and the desired product was distilled under full vacuum

(1

mm Hg) as a colorless oil at 53°C.Isolated yield: < 10%. 3IP NMR (5 ppm): 175 (s) in
acetone-de
[Note: The reaction was attempted with DABCO and no POCI3 which resulted in no
formation of the C12 PCH2 PC12. 3,P NMR (5 ppm): 225.4 (s), 220 (s), 193.6 (s), 190.7 (s),
164.7 (s), 162.1 (s), 159.5 (s), 155.3 (s), 116.5 (s), 114.1 (s), 89.4 - 23.3 (broad) crude
reaction mixture.l
Attempted synthesis of ClpPCfLPCl? using diethvlene triamine (0.37 mole)
Part A: This synthesis was carried out as described in part A of the reference
synthesis described on pg. 49.
Part B: The reaction mixture was allowed to reflux overnight and then cooled
before a solution of diethylene triamine (38.2 g, 0.37 mole) in 50 mL of dichloromethane
was added dropwise. The addition of amine is very exothermic indicated by immediate
and heavy reflux of the reaction mixture and also by the release of white smoke which
rises in the condensor. The reaction mixture was allowed to reflux overnight after amine
addition was completed. The crude reaction mixture was analyzed by 31P NMR which
showed that the desired product had not been synthesized. 31P NMR (5 ppm): 218.9 (s),
191 (s), 164 (s), 158.9 (s), 123 (s), 119 (s), 115 (s), 99 (s), 83 (s), 81 (s), 80 (s), 6 2 - 4 7
(broad)
Synthesis of CliPCFLPCN using sodium phosphate (0.37 mole)
Part A: This synthesis was carried out as described in part A of the reference
synthesis described on pg. 49.
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Part B: The mixture was then re fluxed overnight and after cooling, anhydrous
sodium phosphate (60.7 g, 0.37 mole) was added all at once to the reaction mixture which
was allowed, once again, to reflux overnight. The sodium phosphate is not very soluble in
dichloromethane and solids are detected in the flask. The reaction mixture is then filtered
and further concentrated till a brown paste was obtained. Excess dichloromethane,
unreacted PCI3 and POCI3 were removed under vacuum. The resulting viscous brown
paste was distilled under full vacuum by trap to trap method and a dark solution is
collected in the receiver. The distillation is continued till no more volatiles are obtained
and the mixture in the distilling flask begins to sublime. The volatile fraction collected is
further distilled under full vacuum (1 mm Hg) and the product obtained as a colorless oil
at 53°C. Isolated yield: 20%, 3lP NMR (5 ppm): 175 (s) in acetone-d^
[Note: This reaction was attempted using Na3 P 0
made. 31P NMR

(8

4

without POCI3 but no product was

ppm): 225.3 (s), 219.9 (s), 159 (s), 150.4 (s), 149.7 (s), 118 (s), 110.4

(s), 109.1 (s), 107.1 (s), 106.4 (s), 71.2 (d) crude reaction mixture]
Synthesis of C^PCH-yCPLPCl?
To a 1 liter three necked flask equipped with two condensors was added
aluminum foil (5.0 g, 0.19 mole) cut into 1 inch squares which are subjected to vacuum
for 2 hours. Then 200 mL of dry 1,2-dichloroethane was added under nitrogen and 200
mL of dry hexane as solvent and the mixture refluxed. While still under reflux conditions
5 mL of dibromoethane was added. The solution soon turns a brown color and being
extremely exothermic the heat source was removed and the flask cooled in a water bath
which is at 2 - 5°C. The mixture continues to reflux and in a few minutes all the
aluminum is converted to DCAE [bis(dichloroaIumino)ethane]. The insoluble brown
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precipitate formed was not removed and to this was added via cannula a solution of
phosphorus trichloride (25.2 g, 0.19 mole) in 50 mL of dry hexane. The mixture was
allowed to reflux for 3 hours and was cooled before phosphorus oxychloride (28.4 g, 0.19
mole) in 50 mL of dry hexane was added. The mixture was then refluxed overnight and
after cooling, tetraethylene glycol dimethyl ether (40 m L , 0.19 mole) was added and the
reaction mixture was allowed, once again, to reflux overnight. Any unreacted 1,2dichloroethane, hexane, PCI3 and POCI3 were removed under vacuum till a brown paste
was detected in the reaction flask. Upon further addition of 100 ml of tetraglyme the
product was distilled under vacuum as a colorless oil at 63°C in good yield. Isolated
yield: 45 - 50%, 31P NMR (5 ppm): 188.6 (s) in acetone-rL
[Note: We were not able to duplicate the ability of tetraglyme to aid in the isolation of
CI2 PCH 2 CH 2 PCI2 . In future experiments it became difficult to isolate the phosphine from
tetraglyme, which was found to co-distill with the bisphosphine. The use of tetraglyme is
not recommended for the synthesis.]
Synthesis of MeflDPCH,P(IDMe
Methylmagnesium bromide (33.0 ml, 0.046 mole) was added to zinc chloride (6.3
g, 0.046 mole) in dry THF and was stirred for 30 minutes. This solution was then cooled
to 0 °C and CI2 PCH2 PCI2 (5 g, 0.023 mole) was added dropwise with stirring. The
reaction was allowed to warm to room temperature and allowed to stir overnight. The
solution was filtered under nitrogen to remove the white precipitate and the filtrate was
treated with

U A IH 4

(46 ml, 1.0 M in EtaO, 0.046 mole) at 0°C and slowly warmed to

room temperature. After stirring overnight,.the reaction was then quenched with NaOH
(9.2 mL, 5 M, 0.046 mole) and the THF layer was removed and the salts washed with
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ether. The combined organic extracts were concentrated resulting in the desired product.
Isolated yield: 45 - 50%, 31P NMR (5 ppm): -84.4, -87.6 (s) in acetone-cU
4.4. Results and Discussion
4.4.1. Synthesis of Halogenated Bisphosphine Possessing Methylene Bridge
The synthesis of the CI2 PCH 2 PCI2 by the literature methods reported 3 9 -4 0 4 1 -5 0 has
been plagued by low yields. Through modification and combination of the reported
syntheses we have achieved reproducible success with this reaction. This new synthesis
(pg. 53) proceeds by the reaction of aluminum with dichloromethane in the presence of
small amounts of diiodomethane and dibromomethane to form
bis(dichloroalumino)methane, CI2 AICH2 AICI2 (DCAM). The dibromomethane and
diiodomethane is added just after the reflux has begun and the solution is allowed to
reflux overnight. Neither the bromine nor iodine is incorporated into the final product but
are used to generate the aluminum monohalide (A1C1) needed as the intermediate. The
use of diiodomethane and dibromomethane in small quantities is required to catalyze a
halogen exchange reaction with CH 2 C 1 2 - This is because aluminum does not directly
reduce CH 2 CI2 but the dichloromethane will react with a bis(dihaloalumino) methane.
Only a small amount of the dibromo- or diiodo- methane is required as it is regenerated in
the halogen exchange reaction with dichloromethane (figure 4.1).
The product is then easily obtained by a simple transmetallation with PC13 (figure
4.2). Phosphorus oxychloride is used to complex the AICI3 formed during the course of
the reaction . 51 Otherwise the A1C13 coordinates strongly enough to the phosphine to make
isolation almost impossible.
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+ CH2 CI2
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A I ^ A K ^ + CH2CIX
X
Cl

' A I ^ A I ^ + CH2CIX
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x

+ CH2X2
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Figure 4.1: Halogen exchange in DCAM synthesis where X is either Br or I

Al

W*
DCAM

2 !-^ *

C bP^PC b

3)tetraglyme

DCpM

Figure 4.2: Synthetic route for methylene bridged bis-halophosphine

This preferential binding of the AICI3 salts to POCI3 results in freeing of the
desired bisphosphine. This can be seen by looking at the 3IP NMR (figures 4.3 and 4.4)
that represent the crude reaction mixture before and after the addition of POCI3. In figure
4.3, the 3IP NMR was taken after overnight reflux of PCI3 with CI2AICH2AICI2 solution
in excess dichloromethane showed no formation of the CI2PCH2PCI2 and only the
presence of uncharacterized intermediates along with unreacted PCI3.
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Figure 4.3: 31P NMR of reaction mixture after addition of PCI3 but before the addition of
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After addition of POCI3 , the 31P NMR (figure 4.4) shows complete reaction of
PCI3 to form the desired CI2 PCH 2 PCL at § = 175 ppm along with the presence of
uncoordinated POCI3 and unknown byproducts. The bisphosphine can then be distilled
under vacuum yielding the desired product as a colorless oil. However, this reaction was
still plagued by low yields, as the strong Lewis acid AICI3 complex with the bisphosphine
complicated its isolation. Various experiments were executed to overcome the problem of
low isolatable yields and these results are discussed next.
4.4.2.

Use of Complexing Agents to Aid in Isolation o f Bisphosphine

It was hoped that the problem of low isolated yields could be overcome by the
addition of tetraethylene glycol dimethyl ether (tetraglyme) to the reaction mixture after
the addition of POCI3 . The tetraglyme was used to further complex the AICI3 salts
ensuring that the desired bisphosphine could be obtained in high yields by vacuum
distillation. However, in practice it was determined that the addition of tetraglyme did
not make the isolation of the product any easier, in fact, its addition only complicated the
isolation of the desired phosphine. This was determined by analysis of the 3IP NMR of
the distillate. The 3IP NMR showed the presence of a singlet at 175 ppm consistent with
the formation of CI2 PCH2 PCI2 - However, analysis of the ‘H NMR showed the presence
of tetraglyme. The azeotrope of the tetraglyme solvent with the phosphine is puzzling as
care was taken not to exceed a temperature of 80°C during the distillation under full
vacuum. Further attempts at distillation to remove the tetraglyme only yielded the same
disappointing results.
In other experiments after the addition of PCI3 and after overnight reflux, the
reaction mixture was cooled to room temperature and pyridine was added to complex the
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aluminum chloride (molar ratio of AICI3 : C 5 H 5 N = 1 : 1 ) . Analysis of the reaction
mixture by 31P NMR after addition of pyridine and also after overnight reflux showed the
absence of desired product.
The inability to synthesize the desired bisphosphine using pyridine as a substitute
for POCI3 made us revisit the reaction, but this time POCI3 was added before pyridine
addition. The analysis of the crude reaction mixture showed formation of the
bisphosphine, although low yields were apparent (figure 4.5). After concentration of the
reaction mixture to remove volatiles and on distilling the brown paste obtained under full
vacuum conditions the bisphosphine was isolated in yields lower relative to those
obtained when using only POCl3. Unfortunately the use of pyridine complicated the
isolation by distillation because of sublimation of the pyridine-AlCh complex which
condensed as a red solid in the condensor.

PCI3

to

m

40

to

Figure 4.5: Low yield of CI2 PCH 2 PCI2 when pyridine is used as complexing agent
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The next approach was to use a salt like NaCl or KC1 as a chloride source for
AICI3. It was hoped that the excess chloride present would force the formation of AlCU’
complex which would then precipitate out thus freeing the bisphosphine. Hence for the
reaction, NaCl was ground to a fine powder and subjected to vacuum to remove moisture.
The dried NaCl was added all at once to the reaction mixture after the POCI3 addition
stage. It was observed that the salt was not very soluble in dichloromethane even under
Figure 17:31P NMR of reaction mixture in which NaCl was used as complexation agent
reflux conditions. After reflux for 2 days the solution was concentrated and filtered and
further concentrated to give the familiar brown paste. Distillation of this did not yield a
better result. This was probably due to the insolubility of NaCl in dichloromethane which
limited its ability to act as a chloride source for AICI3 (figure 4.6).

PCb

Figure 4 .6 :3IP NMR of reaction mixture in which NaCl was used as complexation agent
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At this point, it was decided to turn our attention to amines as possible
complexing agents. The amines used were chosen for the multiplicity of the coordination
sites within a single molecule. DABCO (Diazabicyclo[2.2.2]octane) and diethylene
triamine were first tested for their coordination abilities. The DABCO experiment proved
to be very difficult because of its ability to act as a strong base. The addition of DABCO
to the reaction mixture after POCI3 addition was characterized by strong reflux and the
immediate precipitation of brown salts. Even before the complete addition of DABCO it
was observed that the reaction mixture turned virtually solid. More dichloromethane was
added and the analysis of the crude reaction mixture after overnight reflux and filtration
showed presence of bisphosphine, unconverted PCI3 and a large amount of polymeric
phosphine products as indicated by broad peak extending along the baseline of the
spectrum figure 4.7).
The use of diethylene triamine as a coordinating agent is not recommended either
because of the presence of N-H bond which can be cleaved to form phosphine and HC1.
This effect was detected during the conduction of the reaction. Upon addition of the
amine to the reaction there was an immediate strong reflux combined with the generation
of white plumes of smoke, probably HC1, which climbed the condensor. Needless to say,
the bisphosphine was not synthesized in this case either.
Finally, it was decided that inorganic salts like AI2 O 3 or Na 3 PC>4 could be used as
they are oxo-rich and may provide good coordination sites for A I C I 3 . It was decided very
early not to use AI2 O 3 because we did not want to introduce more aluminum into the
reaction mixture. The reaction with Na3 P0
result to date (figure 4.8). The Na3 P0

4

4

has, however, provided us with our best

is added to the reaction mixture after POCl3
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Figure 4.7: 3IP NMR of crude reaction mixture after the addition of DABCO as
complexation agent
result to date (figure 4.8). The Na3 P0

4

is added to the reaction mixture after POCI3

addition and worked up after reflux. The sodium phosphate is not very soluble in
dichloromethane and must be filtered and the filtrate concentrated. The brown paste
obtained is distilled by using the trap to trap method. The volatiles then collected are
further subjected to distillation and the bisphosphine was obtained at 53°C under full
vacuum. It must be noted that reflux of the reaction mixture after Na 3 P0

4

addition for

longer than 1 day does not increase the yield. This may be due to the limited solubility of
Na3 P0

4

that limits its coordination ability. Therefore, a reaction that was refluxed over

three days yielded no more phosphine than one was refluxed for only one day.
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4.5. Effect of POCI, on the Synthesis of Bisphosphine
T h e e x p e r i m e n t t h a t l e d t o a m o r e in d e p t h s t u d y o n th e e f f e c t o f PO C I 3 o n t h e
s y n t h e s i s o f t h e b i s p h o s p h i n e w a s th e s u b s t i t u t i o n o f p y r i d i n e f o r P O C I 3 . In t h a t
e x p e r i m e n t it w a s o b s e r v e d t h a t t h e C I 2 P C H 2 P C I 2 w a s n o t s y n t h e s i z e d . T h i s r e s u l t w a s

extremely puzzling since it is commonly believed that the POCI 3 only aids the isolation

of the bisphosphine through preferential coordination o f AICI3. So it was assumed that
pyridine be been su b stitu ted fo r POCI3 to ach iev e b etter co m p lex atio n o f AICI3.

However, b e c a u s e

o f t h e i n a b i l i t y to s y n th e s iz e C I 2 P C H 2 P C I 2 b y t h i s m e t h o d w e h a v e

found that it is essential to have POCI3 present for effecting the synthesis of the
b is p h o s p h in e . T h is s u r p r is in g re s u lt w a s f u r th e r in v e s tig a te d b y e x p lo r in g th e n e c e s s ity

for PCI3 or POCI3 or both reactants for the successful completion of the reaction.
T o p r o v e t h a t P O C l 3 w a s a b s o lu te ly n e c e s s a r y f o r t h e tr a n s m e t a l a t i o n o f D C A M
to p r o d u c e C I 2 P C H 2 P C I 2 , t w o d i f f e r e n t r e a c t i o n s w e r e p e r f o r m e d u s in g t h e s t r o n g b a s e
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DABCO and the coordinating salt Na 3 P0

4

(figure 4.9). In both reactions after the addition

of PCI3 and overnight reflux, the reaction mixture was cooled to room temperature and
then the coordinating reagent added. The analysis of the crude reaction mixture showed
absolutely no production of CI2 PCH 2 PCI2 . From these experiments we concluded that
POCI3 must be responsible for the transmetalation reaction of PCI3 with DCAM.
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Figure 4.9: 31P NMR of crude reaction mixture after the addition of Na3 P0
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We already knew that just the simple addition of PCI3 to DCAM did not result in
the synthesis of the bisphosphine (figure 4.3). So an experiment in which only POCI3 was
added to the DCAM should then make CI2 PCH 2 PCI2 . POCI3 was, therefore, added
dropwise to the DCAM solution and refluxed overnight. The 3IP NMR analysis of the
reaction mixture showed no formation of CI2 PCH 2 PCI2 but only a broad peak at 8 = 31
ppm corresponding to the POCI3 -AICI3 complex (figure 4.10). Since this theory too had
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been dashed, the effect of P C I 3 addition after P O C I 3 to D

C A M

w as

investigated. Here it

was discovered that the addition of a molar equivalent of P C I 3 to the P O C I 3 - A I C I 3
mixture did not result in formation of the bisphosphine. This might be explained by the
decomposition of D

C A M

to ethylene and dichloromethane on initial coordination of

P O C I3 .

Our conclusion is that after addition of P C I 3 to transmetallate DCAM,

P O C I3

addition is an important and necessary step for the synthesis of ChPCHiPCK
The role that
with

A IC I3 .

P O C I3

The

plays is not merely that of a strong Lewis acid complexing agent

P O C I3

must be working in concert with P C I 3 to effect the synthesis of the

bisphosphine, although the exact mechanisim by which this takes place is not known.
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Figure 4.10: 31P NMR of crude reaction mixture after the addition of POCI3 to DCAM
4.6. Decomposition of CI2PCH2 PCI2
CI2 PCH 2 PCI2 is extremely reactive to moisture. This reactivity is obvious and
expected, but what was surprising is that CI2 PCH2 PCI2 is thermally unstable. Before
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distilling the reaction mixture, all volatiles like excess solvent,

P C I?

and P O

C I3

are

removed under vacuum and the resulting brown paste is subjected to vacuum for almost
12 hours. The absence of P C I 3 and P O C I 3 before distillation is determined by 3IP NMR
analysis. During the distillation, however, it was noticed that the volatile fraction always
contained

P C

13

and P O

C I3 .

Hence the need for a second distillation. Also if a good

vacuum is not available it is almost impossible to distill the product. The application of
heat combined with a poor vacuum results in increasing the total time C I 2 P C H

2 P C I;

is

subjected to thermal decomposition, which results in the inability to isolate the product.
This regeneration of PCI3 and POCI3 indicates that the P-C bond
(513.4 kJ/mole)50c in CI2 PCH 2 PCI2 is cleaved. Although the P-C bond is quite strong, we
believe that the high temperature during distillation and the presence of AICI3 must
contribute to the instability of CI2 PCH 2 PCI2 . If the P-C bond is cleaved there exists a
probability of producing ethylene and dichloromethane. This thermal decomposition
combined with difficult isolation and the need for several distillations is another reason
for the low yield.
4.7. Synthesis of Halogenated Bisphosphine with Ethylene Bridge
A very positive result of the aluminum chemistry developed for the synthesis of
CI2 PCH 2 PCI2 has been its application to the synthesis of l,2-bis(dichlorophosphino)
ethane, CI2 PCH 2 CH2 PCI2 . The best literature preparation of CI2 PCH2 CH2 PCI2 is by the
reaction of yellow phosphorus, phosphorus trichloride and ethylene in a stainless steel
autoclave at 200°C for 16 hours . 4 9 Incidentally, there have been various reports indicating
that the syntheses of diphosphines of the ethylene bridged type are potentially hazardous
and are plagued by rapid uncontrollable rise in temperatures, and, in the worst case, result
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in

explosions . 5 2 Bercaw described the addition of P S C I 3 to MeMgl, by the method

employed by Chatt47, which is performed at the low temperature of -70°C and which can
be characterized by sudden and uncontrollable rise of temperature resulting in explosion.
Our new and improved synthesis of 1,2-bis(dichlorophosphino)ethane (pg. 54),
involves the reaction of aluminum with 1 ,2 -dichloroethane in the presence of small
amounts of 1 ,2 -dibromoethane and in dry hexane as solvent to yield the
CI2 AICH2 CH 2 AICI2 , DCAE. The reaction is extremely exothermic and care should be
taken to keep it under control through the use of proper cooling and additional condensers
an the reaction flask. The use of larger volumes of hexane as solvent acts as a heat sink,
thereby reducing the possibility of dramatic increases in temperature. The initial reaction
of A1 with CICH 2 CH 2 CI is extremely exothermic and continues to reflux at an almost
uncontrollable rate even after the removal of the heat source. Hence, it is recommended
that a cold water bath be used to control the reaction. Too low a temperature would be
potentially hazardous for such an exothermic reaction as there is risk o f totally slowing
down or stopping the reaction, which when warmed up will result in too fast a reaction
and an uncontrollable rise in temperature. A gentle solvent reflux is preferred as the rate
of reflux is indicative of the reaction rate. The next few steps involving the reaction of the
DCAE with PCI3 and POCI3 and tetraglyme proceeds well and results in the desired
product, which can be isolated by distillation under vacuum (figure 4.11).
^

1)PCI3 ,

AlCfe
DCAE

___

2)POC«3
CI2 P
3) tetraglyme

PCb
DCPE

Figure 4.11: Synthetic route to ethane bridged bis-halophosphine
6 8
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The 3 IP{ 'H} and 13C - proton coupled NMR spectra of the distillate are shown in
figures 4.12 and 4.13, respectively. As can be seen from the spectra the desired
bisphosphine is obtained cleanly and with just a trace of POCI3 . The proton coupled ljC
shows the triplet that would be predicted for equivalent carbons bonded to two hydrogens
each. However, in subsequent experiments conducted to duplicate this result and also to
improve the isolated yield, it was determined from *H NMR that the tetraglyme was
complicating the isolation of the desired bisphosphine. As discussed earlier in the case of
CUPCHaPCU, tetraglyme appears to co-distill with the bisphosphine complicating its
isolation. Further attempts at separating the bisphosphine from the tetraglyme remained
fruitless.

iC(,PCH1CKPCII

POCK

A *i

11 M 1

Figure 4.12: 3 IP{ 'HJ NMR of DCPE after distillation
Although similar problems with isolation exist with the synthesis of the ethane
bridged bisphosphine as seen for the methylene bridged bisphosphine, it is possible that
the use of Na3 PC>4 to aid in isolation of the bisphosphine will provide the answer for
establishing this one pot synthesis as the new preferred synthetic method.
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4.8. Alkylations of CI2PCH2PCI2
The new zinc route used for the alkylation of phosphorus (HI) chloride, which
was discussed in the previous chapter, provides the first acceptable route to selectively
alkylating the tetrachlorobisphosphine bridge. By replacing the magnesium in a Grignard
reagent with zinc we should now be able to selectively alkylate and subsequently convert
the bis(dichlorophosphino)methane to the desired alkyl substituted R(H)PCH2 P(H)R

C I 2P C H 2C H 2P C I 2

Figure 4.13: l3C - Proton coupled NMR spectra of DCPE
product (scheme 4.5). This can be accomplished by simply adding the Grignard reagent
with the desired alkyl substituent to a equimolar solution of zinc chloride. The new
alkylated zinc halide, RZnCl, can be separated from the magnesium salts or reacted in
situ with CI2 PCH2 PCI2 to give selective monoalkylation of each phosphine.
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The first alkylated form of the ligand synthesized was the methylated version,
et,me-P4. For this ligand methylmagnesium bromide was used as the initial alkyl source
and this was then added to an equimolar amount of zinc chloride. This mixture of the
organozinc reagent and magnesium salts formed in situ was cooled and the
CI2 PCH 2 PCI2 was added dropwise in a 1 : 3 ratio. The excess alkylzinc reagent was
required to ensure that all the monoalkylated MeClPCTFPCh, is converted to the desired
product. After the presence of only the dialkylated product, MeClPCH 2 PClMe, was
determined by 3IP NMR then 2 equivalents of lithium aluminum hydride was added.
The reaction was then quencehed with sodium hydroxide solution and the organic layer
removed and further evaporation of solvent results in the desired product,
Me(H)PCH 2 P(H)Me.

2 RMgX + 2 ZhCfe ------- ► 2 RZnCI

|

c i2 P ^ N » a 2

V

- v

R

H

cv

R

R

^

P' c l

R

Scheme 4.5: Zinc modified synthesis of ligands of type R(H)PCH 2 P(H)R
4.9. Conclusion
We have found reproducible success in the synthesis of CI2 PCH 2 PCI2 starting
with aluminum foil and dichloromethane. However, the isolation of the desired
bisphosphine is complicated, tedious and affords low yields. Attempts at improving the
isolated yields by using POCI3 by itself and in conjunction with tetraglyme or pyridine or
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amines or inorganic salts to help in complexation of the aluminum trichloride have had
little or no success. The best result obtained to date is by the use of Na3P04 as a
complexing agent for AlCh.Therefore although the reaction provides a convenient one
pot bench top synthesis it still needs further development.
An application of the aluminum synthesis procedure for bisphosphines has been
the synthesis of l,2-bis(dichlorophosphino)ethane. The insertion of the ethane bridge is
achieved with 1,2-dichloroethane and provides a convenient route that is less hazardous
than existing routes. Once again the isolation of the product is complicated by the
presence of aluminum trichloride. The use of tetraglyme does not help in the isolation of
the bisphosphine, since the tetraglyme co-distills with the phosphine.
Regardless of the inability to isolate solvent free bisphosphines, these synthetic
procedures provide an improved route towards these highly desired bisphosphines. If a
method could be developed for synthesizing large amounts of the halo-bisphosphines
then the highly selective alkyl zinc substitution chemistry can provide a convenient
syntheses for the alkylated versions of these ligands. This was demonstrated for the
methylated version of the ligand and the cyclohexyl version that was synthesized
earlier.73
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CHAPTERS
ORGANOMETALLIC COMPLEXES OF CONVEX HYDROCARBONS
5.1. Introduction
The discovery of new allotropic forms of carbon, namely, the fullerenes, has
excited the imaginations of scientists all over the world. It was Kroto and Smalley’s53
discovery that buckministerfulierene (Cm) along with C7 0 could be isolated in
macroscopic amounts by the vaporization of graphite54. The vaporization of graphite
impregnated with alkali metals55 or lanthanides56 demonstrated that small atoms can be
encapsulated within the Cm molecule.
Examination of Cm shows that it can be visualized (figure 5.1) as containing two
C 2o

corannulene units representing the two C 2 0 polar caps and a C 2 0 circular belt.

Similarly it can also be viewed as the fusing of two C 3 0 semi-buckministerfullerene
species.

frO Q

Figure 5.1: Cm simplified view containing two C 2 0 corannulene and C2 0 circular belt (left)
and two C30 ‘buckybowl’ species (right)

Until recently the only known fulierene related curved polyaromatic hydrocarbon
was corannulene that was originally synthesized by Barth and Lawton.57 This synthesis
73
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was long, complicated and gave very low yields. A major synthetic improvement was
achieved in 1991 by the Scott group, 5 8 followed by another advancement by the Rabideau
group that simplified the synthesis of corannulene by using a pyrolysis step that
eliminated the need for various complicated precursors. 5 9 Rabideau’s method has also
been used to synthesize larger fullerene related systems, most notably,
semibuckministerfullerene or ‘buckybowls’ C 3 0 H 12 (Scheme 5.1).

1000
( 1)

1000
(2 )

Scheme 5.1: Pyrolysis route used by the Rabideau group to prepare Corannulene (top)
and C3 0 H 12 buckybowls (bottom).
Curved networks of trigonal carbon atoms such as that found in corannulene have
attracted increased interest as fragments of Q o and related carbon clusters. There has
been a considerable success in the synthesis of transition metal coordinated C6 0
complexes. Specifically, Fagan et a/60* have reported the reaction of
74
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(C5 Me5 )Ru(NCMe)3 * (O3 SCF3 ) with

to give { [(C s M e j^ N C M e h h Q o } 3*

(0 3 SCF3 ) 3 in which each ruthenium is T| 2 bound to a different part of C<io- Although a lot
of effort has been directed towards the synthesis of metal complexed fullerenes there
have been virtually no examples of transition metal complexation to a curved polynuclear
aromatic hydrocarbon surface. Besides C<so [(C 5 Me5 )Ru(NCMe)3+] (O 3 SCF 3 ) readily
forms t)6-arene complexes with flat polyaromatic hydrocarbons such as coronene . 61 The
first transition metal complex of a curved polyaromatic hydrocarbon ligand was reported
by O’Connor and Siegal. 6 2 They reported that the reaction of [Cp*Ru(r|6 -C 6 H6 )]+ and
corannulene in CD 2 C12 generated [(r^-corannuleneJRufCsMes)] (O3 SCF 3 ) (Figure 5.2).
They were only able to spectroscopically characterize this complex and could not
determine if the Ru was coordinated to the exo (outer) or endo (inner) surface of the
corannulene.

Me
Me

Me

Me
Me

Ru

Figure 5.2: Cp*Ru fragment ri6 coordinated to corannulene
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There has been considerable discussion about where metal centers would bind to
C<so, with the experimental results showing that Qo binds to transition metal centers in an
rp-fashion . 6 0 * -6 This can be attributed to the fact that the outer surface of C<so splays the
orbitals away from the ring centroid vector. A metal center that binds in a symmetrical
r)5- or T ]6 - fashion would lie along this vector. In order to obtain optimal orbital overlap
between the metal center and the ring jr-system, the carbon pn orbitals actually need to
orient themselves towards the metal center. Thus the convex surface of C«> or other
convex surface polyaromatic hydrocarbons would not be expected to have the right
orbital directionality for optimal T|5- or ^-coordination to a metal center (figure 5.3).

Figure 5.3: p-orbital vectors for top C 6 ring of C«) or convex polyaromatic hydrocarbons
showing the splaying of the orbitals for a metal atom approaching from the top convex
surface. In marked contrast a metal atom approaching from the concave side (bottom)
sees a very directed set of p-orbitals
Rabideau’s group reacted C 3 0 H 12 and Pt(CH2 =CH2 )(PPh3 ) 2 at room temperature in
toluene under inert atmosphere conditions for 15 hours followed by a

1

hour reflux.
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Pt(Tr-o-C3oHi2 )(PPh3 ) 2 was isolated in low yields (figure 5.4) and x-ray crystallography
showed that the metal subunit, instead of binding to one of the localized cabon-carbon
double bonds on either the inner or outer surface, had actually broken one of the rim C-C
bonds to form an rp-o-bonded Pt(II)-buckybowl complex.63

PR

Figure 5.4: Rabideau’s rp-o-bonded Pt(II) buckybowl complex
The coordination of transition metal centers to these unusual curved polyaromatic
hydrocarbon ligands is a new area of organometallic chemistry. It is clear that interest in
these novel ligands will continue to grow as improved syntheses are reported for these
and other curved polyaromatic hydrocarbon compounds.
5.2. Experimental
All reactions and manipulations were performed using standard Schlenk and dry
box techniques. Tetrahydrofuran, diethyl ether and hexanes were distilled from
potassium/benzophenone, dichloromethane was distilled from CaH2 , ethylene glycol
dimethyl ether was distilled from sodium/potassium amalgam, anhydrous toluene and
other solvents were purchased from Aldrich and used without further purification. All
reagents were obtained from Aldrich and Strem and used without further purification
unless otherwise indicated. 'H and ,3C NMR spectra were recorded on Bruker 250 MHz
77
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or 300 MHz ('H) spectrometer (62.86 MHz or 75.43 MHz for l3C). Chemical shifts are
reported realative to TMS internal standard for lH NMR.
5.2.1. Preparation of Transition Metal Complexes Used for Complexation
with Corannulene
Synthesis of (Cp*RuCl?)n
The procedure used in the preparation of this complex is similar to the one noted
in the literature.64 After refrigeration overnight the precipitate was filtered, washed, dried
and then analyzed. Isolated yield: Blacidsh crystals, 70%, lH NMR (8 ppm): 4.32 (s) in
CDC13
Synthesis of fCp*Ru(iu-Cl)l:i
The procedure used in the preparation of this complex is similar to the one noted
in the literature.65 After refrigeration overnight the precipitate was filtered, washed, dried
and then analyzed. Isolated yield: reddish brown crystals, 73%, *H NMR (8 ppm): 1.54
(s) in CD 2 CI2
Synthesis of fCp*Ru(NCCHOri fOTf)
The procedure used in the preparation of this complex is similar to the one noted
in the literature.65 After refrigeration overnight the precipitate was filtered, washed, dried
and then analyzed. Isolated yield: Orange red crystals, 95%, 'H NMR (8 ppm): 1.61 (s),
2.39 (b) in THF-de
Synthesis of (C pRuCl^
In the glove box, 20 ml of dry ethanol was added to a schlenk flask containing
RuCb.xHiO (10.0 g, 0.04 mole) and cyclopentadiene (3.8 g, 0.06 mole). The reaction
mixture was refluxed for 3 hours with continuous stirring during which time fine blackish
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blue crystals were detected. After refrigeration overnight the precipitate was filtered and
washed with ethanol (approx. 10 ml) and diethyl ether (approx. 10 ml), respectively and
then dried. Isolated yield: Blackish crystals, 90%, *H NMR (5 ppm): 4.51 (s) in CD 2 CI2
Attempted synthesis of rCpRu(u^-Cl)L
To a schlenk flask containing (CpRuCl2 )n (2.8 g, 0.01 mole) in 50 ml of dry THF,
superhydride (12 ml, 0.01 mole, 1.0 M in THF) was added via syringe very quickly. The
reaction mixture stayed a dark color and evolution of gas was observed. After stirring for
one and half hour the reaction mixture was refrigerated overnight. Upon filtration a dark
black sticky product was obtained instead of crystals. The proton NMR of this product
did not correspond to that reported for the desired product.
Synthesis of W(CO)-»(NCCHi)-»
The procedure used in the preparation of this complex is similar to the one noted
in the literature.66 In a 100 ml schlenk flask equipped with a condenser, W(CO)6 (2.0 g,
0.006 mole) in 40 ml of dry acetonitrile was refluxed for 72 hours under nitrogen. A color
change from white to lemon green was detected. After removal of solvent in vacuo the
lemon green solid was collected as product. Isolated yield: 92%, F llK (vco cm '1): 1887,
1797.
Synthesis of MoCCOWNCCHOt
The procedure used in the preparation of this complex is similar to the one noted
in the literature.66 In a 100 ml schlenk flask equipped with a condenser, Mo(CO)6 (2.0 g,
0.008 mole) in 40 ml of dry acetonitrile was refluxed for 72 hours under nitrogen. A color
change from white to dark green was detected. After removal of solvent in vacuo the
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cream colored solid was collected as product. Isolated yield:- 92%, FTCR (vco c m 1):
1917, 1784.
Synthesis of CrCCOFfNCCHiF
The procedure used in the preparation of this complex is similar to the one noted
in the literature.66 In a 100 ml schlenk flask equipped with a condenser, Cr(CO>6 (2.0 g,
0.009 mole) in 40 ml of dry acetonitrile was refluxed for 72 hours under nitrogen. A color
change from white to orange was detected. After removal of solvent in vacuo the yellow
solid was collected as product. Isolated yield: 92%, M LR (vco cm '1): 2017, 1909. 1796.
Synthesis of TiClR IfiF b
The procedure to prepare this complex is noted in the literature67 but was changed
in this particular preparative synthesis in regards to reagents and solvents used. To a
solution of TiCl4 (50 ml, 0.05 mole, 1.0 M in toluene) in a schlenk flask equipped with a
stir bar was added dropwise dry THF (17.7 ml, 0.2 mole) while keeping the reactants
under a nitrogen atmosphere. Immediate formation of a yellow precipitate was detected
and the solution was stirred for 15 minutes. After this the solution was cooled to 0°C and
50 ml of dry hexane was added. The solution was refrigerated overnight and the bright
yellow precipitate filtered and collected. Isolated yield: 92%, FTTR (c m 1): 990, 825.
Synthesis of Vfo^fOyCCH-O^
The procedure used in the preparation of this complex is similar to the one noted
in the literature.68 After refrigeration overnight the precipitate was filtered, washed, dried
and then analyzed by

NMR which was found to correspond with that reported in the

literature.
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Synthesis of fMo^fNCCH^nl (BFdVi
The procedure used in the preparation of this complex is similar to the one noted
in the literature. 6 9 After refrigeration overnight the precipitate was filtered, washed, dried
and then analyzed by *H NMR which was found to correspond with that reported in the
literature.
Synthesis of fMo7 (NCCH?CH 0 ml (BF4 Y1
The procedure used in the preparation of this complex is similar to the one noted
in the literature.6 9 After refrigeration overnight the precipitate was filtered, washed, dried
and then analyzed by lH NMR which was found to correspond with that reported in the
literature.
Attempted synthesis of IMo?rNC(CH;^CH-,l ml (BF1Y1
The procedure used in the preparation of this complex is similar to the one noted
in the literature. 6 9 After refrigeration overnight no precipitate was detected and upon
further concentration by removal of solvent no precipitate was obtained. After keeping
the concentrated solution refrigerated for 2 weeks no product had precipitated and no
further attempt at isolating the product was pursued.
5.2.2. Reactions Involving the Attempted Synthesis of a Corannulene Metal
Complex
Reaction of rCp*RufNCCHOri'1' with neutral corannulene
Neutral corannulene (21 mg, 0.084 mmole) dissolved in 2 ml of dry THF was
added dropwise to [Cp*Ru(NCCH3 >3 ] (OTf) (43 mg, 0.084 mmole) dissolved in 2 ml of
dry acetonitrile. No color change from orange was detected of the combined solutions
even after stirring overnight. The solution was then refluxed for 2 hours under nitrogen
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and concentrated and refrigerated overnight. After filtration the precipitate was analyzed
for the product.
[Note: The reaction above was repeated with variations in the length o f reflux up to 5
days]
‘H NMR in acetone-d6, benzene-d6 or T H F-dgProton NMR o f precipitate of the
above reaction showed a strong singlet at 8 = 7.9 ppm indicative of neutral uncomplexed
corannulene and a new weak singlet at 5 = 5.6 ppm that could be the coordinated product.
Reaction of rCp*Ru('NCCH-j^T with radical anion of corannulene
Corannulene (21mg, 0.084 mmole) dissolved in 2 ml of dry THF containing
lithium-sodium metal amalgam (2 mg, 0.084 mole). After some stirring the solution
turned a dark green color indicative of formation of radical anion. This was then allowed
to stir a further 30 minutes and the anion solution was added dropwise using cannula to
[Cp*Ru(NCCH 3 )3 ] (OTf) (43 mg, 0.084 mmole) dissolved in 2 ml of dry acetonitrile.
Color change from orange to a dark green black was detected and the combined solutions
were allowed to stir overnight. The solution was then refluxed for 2 hours under nitrogen
and concentrated and refrigerated overnight. After filtration the precipitate was analyzed
for the product.
*H NMR in acetone-c^, benzene-d^ or THF-dg: Proton NMR of precipitate of the
above reaction showed a strong singlet at 8 = 7.9 ppm indicative of neutral uncoordinated
corannulene and a new weak singlet at 8 = 5.6 ppm that could be the coordinated product.
Reaction of fCp*Ru(NCCH-i)iT with dianion of corannulene
Corannulene (21mg, 0.084 mmole) dissolved in 2 ml of dry THF containing
excess potassium metal. After some stirring the solution turned a dark red color indicative
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of formation of dianion. This was then allowed to stir a further 30 minutes and the anion
solution was added dropwise via cannula to [Cp*Ru(NCCH3 >3 ] (OTf) (43 mg, 0.084
mmole) dissolved in 2 ml of dry acetonitrile. Color change from orange to a red black
was detected and the combined solutions were allowed to stir overnight. The solution was
then refluxed for 2 hours under nitrogen and concentrated and refrigerated overnight.
After filtration the precipitate was analyzed for the product.
‘H NMR in acetone-d6, benzene-d^ or THF-dg: Proton NMR of precipitate of the
above reaction showed a strong singlet at 8 = 7.9 ppm indicative of neutral uncoordinated
corannulene and presence of the singlet at 8 = 5.6 ppm attributed to the formation of the
coordinated product.
Reaction of W fCOW NCCH^ with neutral corannulene
To a schlenk flask charged with neutral corannulene (15 mg, 0.059 mmole) and
W(CO)3 (NCCH3)3 (34 mg, 0.088 mmole) was added to 10 ml of dry THF. The tungsten
complex is not very soluble in THF and the color of the reaction is slightly brown. The
solution was then refluxed for 3 days under nitrogen and a fine brown precipitate was
detected. After the reflux period, the solvent was removed in vacuo. The precipitate was
analyzed for the product.
[Note: The reaction above was repeated with variations in the length of reflux up to 5
days.]
*H NMR in acetone-d*, benzene-d6 or THF-dg: Analysis of the precipitate of these
reactions again showed presence o f neutral uncoordinated corannulene and the weak
singlet at 8 = 5.6 ppm, but not enough was recovered for further analysis.
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Reaction of W fCOM NCCH^ with radical anion of corannulene
Corannulene (15 mg, 0.059 mmole) was dissolved in 2 ml of dry THF containing
lithium-sodium metal amalgam (2 mg, 0.059 mmole). After the solution turned a dark
green color it was added to WfCOMNCCHab (34 mg, 0.088 mmole) in 10 ml of dry
THF via cannula. The tungsten complex is not very soluble in THF and the color of the
combined reaction mixtures is greenish brown. The solution was then refluxed for 3 days
under nitrogen and a fine brown precipitate was detected. After the reflux period, the
solvent was removed in vacuo. The precipitate was analyzed for the product.
[Note: The reaction above was repeated with variations in the length of reflux up to 5
days.]
'H NMR in acetone-d6, benzene-d6 or THF-dg: Analysis of the precipitate of these
reactions again showed presence of neutral uncoordinated corannulene and the weak
singlet at 5 = 5.6 ppm, but not enough was recovered for further analysis.
Reaction of W(CO)-<(NCCH0t with dianion of corannulene
Corannulene (15 mg, 0.059 mmole) was dissolved in 2 ml of dry THF containing
excess potassium metal. After the solution turned a dark red color it was added to
W(CO)3 (NCCH 3 ) 3 (34 g, 0.088 mole) in 10 ml of dry THF via cannula. The tungsten
complex is not very soluble in THF and the color of the combined reaction mixtures is
red black. The solution was then refluxed for 3 days under nitrogen and a fine black
precipitate was detected. After the reflux period, the solvent was removed in vacuo. The
precipitate was analyzed for the product.
[Note: The reaction above was repeated with variations in the length of reflux up to 5
days.]
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'H NMR in acetone-d^, benzene-d6 or THF-dg: Analysis of the precipitate of these
reactions again showed presence of neutral uncoordinated corannulene and the weak
singlet at 5 = 5.6 ppm, but not enough was recovered for further analysis.
Reaction of W(CO)ft with neutral corannulene
To a schlenk flask charged with 10 ml of dry THF, neutral corannulene (15 mg,
0.059 mmole) and W(CO)6 (31mg, 0.088 mmole) was added. The tungsten hexacarbonyl
is very soluble in THF and the color of the reaction changes from a pale yellow to brown
as the reaction proceeds. The solution was then refluxed for 3 days under nitrogen and a
fine brown precipitate was detected. After the reflux period, the solvent was removed in
vacuo. The precipitate was analyzed for the product.
[Note: The reaction above was repeated with variations in the length of reflux up to 5
days]
'H NMR in benzene-d* : Analysis showed that there was no coordination between
corannulene and the metal carbonyl.
Reaction of TiCL(THFV> with corannulene
The dianion of corannulene (30 mg, 0.12 mmole) was prepared by reacting with
excess K metal in 2 ml of dry THF and after vigorous stirring for 12 hours the dianionic
solution was added dropwise under nitrogen to the TiCU(THF)2 (40 mg, 0.12 mmole) in 5
ml of dry THF at -78°C. After gradual warming to room temperature the solution was
stirred for a further 12 hours. Color changed from red to a golden color. On evacuation of
the solvent a greenish yellow precipitate was detected. The precipitate was analyzed.
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’H NMR in THF-dg: Analysis of the precipitate of these reactions again showed
presence of neutral uncoordinated corannulene and the singlet at 5 = 5.6 ppm, but not
enough was recovered for further analysis.
Reaction of IMo^NCCH-tCHOml (BF.iYi with dianion of corannulene
Corannulene (50 mg, 0.2 mmole) was converted to its dianion in the presence of
excess potassium metal in 2 ml of dry THF. In another schlenk flask was prepared a
solution of [Mo2 (NCCH 2 CH 3 )io] (BF.O4 (109 mg, 0.1 mmole) in 10 ml of dry THF. The
molybdenum solution is blue but is not completely soluble in THF. After stirring the
dianion solution for 6 hours to ensure complete transformation of corannulene to
dianionic form, the dianion solution was cannulated dropwise into the molybdenum
solution which was at 0°C. The reaction mixture was allowed to warm to room
temperature and stirred overnight at which time it was noted that the reaction mixture had
turned a dark brown. After filtration a blackish gray solution was obtained as filtrate
which was then concentrated and analyzed. Proton NMR analysis of the precipitate
showed no formation o f a corannulene metal complex.
Reaction of rMo->fNCCHO|nl (BFiVi with dianion of corannulene
Corannulene (10 mg, 0.04 mmole) was converted to its dianion in the presence of
excess potassium metal in 2 ml of dry THF by sonication for 3 hours. This was then
allowed to stir overnight. In another schlenk flask was prepared a solution of
Mo2 (NCCH 2 CH3)io (BF4 ) 4 (18 mg, 0 . 0 2 mmole) in

1 0

ml of dry THF. The molybdenum

solution is blue and completely soluble in THF. The dianion solution was added dropwise
to the molybdenum solution which was at 0°C. The reaction mixture turns from blue to a
red color. The reaction mixture was allowed to warm to room temperature and stirred
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overnight at which time it was noted that the reaction mixture had turned a pink orange.
This was allowed to stir another 24 hours and was then concentrated in vacuo and the
precipitate was dissolved in 10 ml of dry THF. After swirling the solution for a while it
was filtered to remove insolubles and the yellow colored filtrate was concentrated till a
dry precipitate was obtained. Attempts at growing good crystals from THF and hexane
were unsuccessful.
’H NMR in THF-dg: Analysis of the precipitate of this reaction showed no
presence of neutral uncoordinated corannulene but a strong singlet at 5 = 5.6 ppm
believed to be Tj5 -(corannulene)Mo(NCCH 3 )3 .
Reaction of rMo^fNCCHOml (BFj )j with neutral corannulene
Corannulene (5 mg,

0 .0 2

mmole) and [Mo2 (NCCH3)l0] (BF4)4(9 mg, 0 . 0 1

mmole) was weighed and added to an NMR tube to which was added 0.75 ml of THF-dg
all under nitrogen. The NMR tube was sealed and the progress of the reaction was
followed. After 5 hours of sonication no coordination of corannulene was observed. After
heating for 1 day at 37°C no coordination was observed. Hence it was determined that
there was no reaction with neutral corannulene.
5.3. Results and Discussion
The use of the polynuclear aromatic hydrocarbons with convex surfaces as
ligands for transition metal complexes has not been accomplished yet. But the recent
synthesis of these aromatics with fairly good yields certainly opens the possibility of
exploring their reaction chemistry with metal complexes. Our organometallic efforts were
directed at exploring the coordination chemistry of these aromatics with a variety of
mono- and polymetallic transition metal centers. Corannulene is easily reduced both
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electrochemically and by alkali metals7 0 and the final reduction product with excess
lithium in THF is the tetraanion (figure 5.5). This tetraanion complex appears to be an
‘anion within an anion’, i.e., a cyclopentadienyl anion inner core with the remaining three
excess electrons localized along the periphery producing an 18-rc-trianion. The radical
anion, dianion, radical trianion and tetraanion have all been examined experimentally by
NMR and/or EPR . 7 1 Initial efforts were centered on the coordination of the reduced and
neutral forms of corannulene before exploring the coordination chemistry of the very
scarce buckybowls that represented the ultimate goal of this work.

Figure 5.5: Reaction of corannulene to produce the tetraanion of corannulene.
5.3.1. Coordination Chemistry of Group VIII Metals with Corannulene
Ruthenium was the first transition metal probe selected to achieve this end.
Ruthenium in the +2 oxidation state is d6and needs 12 additional ligand electrons to
become coordinatively saturated. Ruthenium was selected because of its known and fairly
stable complexes with the cyclopentadienyl anion and neutral arene ligands.
[Ru(C5 Me5 )(NCCH 3 >3 ]+, a known charge transfer catalyst, 6 5 was selected to achieve this
goal through a simple ligand dissociation reaction by reaction with neutral corannulene
and its reduced forms in separate reactions. It was hoped that the labile acetonitrile
ligands would dissociate in solution to allow the coordination of corannulene that would
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be able to coordinate to the metal through the central 5 membered Cp-like ring or via the
rim 6 membered arene rings.
Numerous attempts at synthesizing the desired complex through reactions with
the neutral, radical anion and dianionic forms of corannulene were met with failure in the
sense that no crystalline product good enough for x-ray analysis were obtained. However,
in a number of these reactions the 'H NMR spectrum revealed the presence of a singlet at
5.6 ppm. This peak was attributed to the possible formation of a symmetrical metal
complex with corannulene. From the ‘H NMR singlet one can assume that the metal is
either coordinated to the central 5 membered ring or one has a very fluxonial complex
“wizzing’ around the rim arenes. We prefer the symmetrical ^-coordinated metal
complex due to the anticipated barrier for rim arene exchange. However no other data
was obtained to support this coordination. The very small amounts of corannulene
complex used severely limited our isolation and crystal growing. 13C NMR was
attempted for the complex resulting from the reaction of the dianion of corannulene with
W(CO)3 (NCCH3 )3 , but not enough of the complex was present to yield any conclusive
information about its possible synthesis.
One explanation for the failure of [Ru(CsMe5 )(NCCH3 )3 ]+to effectively complex
with the corannulene can be found in the work done by Siegel et al.62 Their complex can
undergo exchange of free and bound acetonitrile concurrent with migration of ruthenium
on the corannulene surface. So it is possible that the corannulene-RuCp* complex was
synthesized but the complex had a propensity towards exchanging the corannulene
fragment for the acetonitrile solvent in which we run our reactions.
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5.3.2. Coordination Chemistry of Group IV Metals with Corannulene
Further synthetic attempts were made using the early transition metals of group
IV. These metals also have well documented coordination chemistry with aromatic
ligands like cyclopentadienyl anions and arenes. From the Group IV metals, titanium was
the only one used to explore its ability to coordinate with corannulene. The TiCl4 (THF);>
adduct was prepared using literature methods and this was then reacted with a solution of
the dianion in THF. After stirring overnight the reaction color had changed from the dark
red of the dianion to a pinkish orange. The solvent was then removed and the precipitate
was analyzed by proton NMR (figure 5.6). The spectra showed a prominent peak at 5.6
ppm and attempts were made to isolate the desired complex. Removal of uncoordinated
neutral corannulene present in the precipitate was attempted via successive washings with
THF. Efforts were also made to dissolve the mostly insoluble precipitate in minimum
amounts of THF to grow a crystal via cooling and slow evaporation. However, these
crystal growing attempts were unsuccessful and analysis of the solution showed that the
desired product had decomposed. Further attempts to duplicate this reaction were met
with failure.
5.3.3. Coordination Chemistry of Group VI Metals with Corannulene
The group VI hexacarbonyls were converted to their respective M(CO)3 (NCR ) 3
complexes to be used as transition metal precursors for complexation studies with the
neutral, radical anion and dianionic forms of corannulene. O f the Group VI triad,
tungsten was selected for the initial exploratory experiments. Almost every experiment
conducted in which W(CO) 3 (NCCH 3 ) 3 was reacted with the neutral, radical anion
anddianionic form of corannulene, (with variations in the period of stirring or reflux)
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showed the 5.6 ppm singlet in the lH NMR. This peak is once again what we believe to
be the elusive symmetrical corannuiene-metal complex. To date the best results have
been obtained by reacting W(CO)3 (NCCH 3 ) 3 with the radical anion. Isolation and
characterization of the desired corannulene-metal complex has remained elusive,
however, largely because of the small scale (1 5 -2 0 mg) of the reactions.

(CH3)2C=0

jCorannulene

r |5-(Corannulene)ML2 (?)

it.il ii^
i

it

■

1

.i^l

Figure 5.6: *H NMR of the reaction of TiCltCTHF)? and [corannulene]2' showing singlet
at 8 = 5.6 ppm
One major problem encountered in our inability to isolate and crystallize the
corannulene-W(CO ) 3 piano-stool like complex was the insolubility of the proposed (r|5corannulene)W(CO ) 3 complex. We decided that using a starting metal complex with
multiple bonds between the two metal atoms and containing weakly coordinating neutral
ligands would improve the odds of synthesizing and isolating a corannulene metal
complex. The higher solubility of these [M2 (NCR)I0]n+ complexes should increase the
possibility of synthesizing and crystallizing either a monomeric piano-stool complex
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and/or a M - M bonded [M2 (corannulene)2] dumbbell shaped dimeric complex. Literature
methods were available for the synthesis of [Mo2 (NCCH 3 )!0] (B F ^ by reacting
Mo2 (0 2 CR ) 4 with tetrafluoroboric acid in acetonitrile/dichloromethane. 6 9 Using this
procedure the decakis-propionitrile and velerionitrile complexes were synthesized and
isolated for use in further reactions with corannulene.
Initial reaction of [Mo2 (NCCH 3 >io] ( B F ^ with the dianion of corannulene gave
the best result to date. The proton NMR showed conclusively that there was no free
corannulene present in the reaction mixture and that there was a strong singlet peak at 5.5
ppm suggesting the synthesis of a symmetrical corannulene-metal complex (figure 5.7
and 5.8). Several attempts were made to grow a crystal from a solution of THF or
THF/hexane mixture. On one occasion very small crystals were obtained but were not of
good enough quality to obtain good x-ray crystallographic data. Attempts at further
dissolving these micro crystals and growing larger crystals were foiled as the complex

Mo

RCN

Figure 5.7: Proposed structure of symmetrical metal complex resulting from reaction of
[Mo2 (NCCH3 )io]4+ and (corannulene)2'
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started to decompose over time. Once again several experiments were conducted to
reproduce these results but were met with disappointing and varying results. On more
than one occasion after workup of the reaction mixtures and analysis by proton NMR the
5.5 ppm singlet was not detected - instead a series of multiplets between 6.5 - 7.3 ppm
was observed (figure 5.9). It was never determined as to what sort of complex these
peaks could be attributed to, although presumably an unsymmetrical [(t|xcorannulene)Mo(NCCH 3 )y]+z complex.

| (ris-Corannulene)Mo(NCCHa)a

*

(?)

s

Figure 5.8: Proton NMR spectrum showing complete conversion of corannulene to
symmetrical [(i)5 -corannulene)Mo(NCCH 3 >3 ] complex
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1

Figure 5.9: Proton NMR spectrum of postulated unsymmetrical corannulene metal
complex from reaction of [MoifNCCHsho]4* and (corannulene)2'
5.4. Conclusion
Although a number of metals belonging to the early, middle and late transition
series did show modest to good coordination with corannulene, the complexes were never
isolated and crystallographically characterized. This was largely due to the micro scale of
the reactions. Although we believe that [Cn5 -corannulene)ML3 ]n+ complexes were
synthesized, they were rarely isolated for further study.
It is hoped that in future reactions, scaling up the quantities o f the reactants may
help in the eventual isolation of the desired complex. Another area that may prove fruitful
may be the exploration of the locked form of corannulene thereby preventing the bowl to
bowl inversion exhibited by free corannulene.
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CHAPTER 6
SUMMARY AND SUGGESTIONS FOR FUTURE WORK
6.1. Organozinc Route for the Synthesis of Substituted Mono* and BisHalophosphines
The inability to control the substitution on phosphorus (HI) halides with Grignard
reagents not possessing sterically bulky groups led to the development o f the use of
organozinc reagents to execute stoichiometric and controllable substitutions. The
organozinc reagents are less reactive than their Grignard analogues and less toxic than
previously used organometallics like diarylmercurials and the tetraalkylated lead
reagents. They also allow more facile isolations relative to A I R 3 reagents. We have
prepared the organozinc reagents by simple transmetalation of the appropriate Grignard
with zinc chloride. Typically, this organozinc solution was then reacted with PCI3 at 0°C
and upon warming to room temperature the crude reaction mixture was analyzed by 31P
NMR for confirmation of the synthesis of the desired product before workup (see fig. 3.2,
pg 31; pg. 33). Reactions have been carried out successfully in diethyl ether, THF,
toluene and in (25/75) THF/Toluene.
The synthetic scheme works extremely well for the synthesis of methyl, ethyl,
phenyl and cyclohexyl substituents and it is expected to be applicable for the synthesis of
organphosphine compounds with a wide array of substituents. However, one setback to
this procedure is the tendency of the synthesized phosphine to form what we propose is
an adduct with the soluble ZnCl2. This adduct then precipitates thus lowering the yield
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considerably. Hence care should be taken to proceed with the isolation of the desired
phosphine without allowing the reaction mixture to stand for long periods of time.
Another setback is the difficulty involved in isolating the desired phosphine. All
the organophosphine compounds synthesized could only be isolated by distillation as
other isolation techniques like chromatography cannot be used because of high phosphine
reactivity. Care should be taken to not to apply too much heat because of the considerable
risk in polymerizing or decomposing the desired organophosphine compound. The most
serious problem for Me 2 PCI (pg. 23, 33), was the difficulty of separating Me2 PCl (or
MePCb) from the reaction solvent.
As a result of this difficulty in isolation Me2 PCl, an in depth investigation was
made into the use of high boiling solvents for the reaction, the goal being to provide ease
of isolation by vacuum trapping at low temperature. Initial results were conducted using
tetraglyme and it is our belief after considerable experimental detail that this is a terrible
solvent for phosphorylation because of its tendency to complex the organophosphine
compound (pg. 24). We have attempted in a number of experiments to use solvents like
butyl ether and butyl diglyme in conjunction with methyl Grignard without much success
(pg. 25, 26). The desired Me2 PCl could not be synthesized in these high boiling solvents.
6.1.1. Suggestion for Improvement
One suggestion that may prove fruitful for realizing the isolation of Me2 PCl using
the organozinc route in conjunction with a high boiling solvent involves the
reinvestigation of butyl diglyme as an appropriate solvent choice. The problem with the
use of this solvent was its observed inability to keep zinc chloride in solution. Unlike the
detailed experimental procedure on pg. 25 in which THF was added to keep the zinc
96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

chloride soluble. We need to study the effect of removing THF after formation of the
methylzinc reagent and not before. We believe that the more soluble methylzinc chloride
formed from the reaction of methylmagnesium chloride (2.5M) in butyl diglyme with
zinc chloride will allow removal of THF in vacuo and allow successful reaction with
P C I3 .

This may provide us an opportunity to synthesize the desired MeiPCl in a high

boiling solvent thus improving the possibility for simple isolation.
6.2. Synthesis o f Halogenated Bisphosphines from A1 Foil
The synthesis of CI2 PCH 2 PCI2 (pg. 53) has been carried out by reaction of AI foil
with dichloromethane in the presence of dibromomethane and diiodomethane. The
CI2 AICH2 AICI2 (DCAM) produced from this reaction is then reacted with PCI3 . However
a byproduct of this reaction is the generation of A1C13 which forms a strong Lewis acid
adduct with the bisphosphine preventing its isolation. We have found that the addition of
Na3 P0

4

to the crude reaction mixture results in preferential complexation of AICI3

freeing the CI2 PCH 2 PCI2 product for isolation. This is done by filtering the salts,
concentrating the reaction mixture to a brown viscous paste to remove volatiles, followed
by high vacuum distillation of the CI2 PCH 2 PCI2 product.
Historically this reaction is characterized by low yields arising from
complications in the isolation due to presence of AICI3 in the reaction mixture.
Traditionally POCl3 has been used to complex the AICI3 but we have found that it is not
completely effective in compiexing AICI3 . Hence we concentrated on the use of other
complexation agents like tetraglyme, pyridine, diethylene triamine, DABCO, NaCl, KC1,
etc. All have provided little or no success in improving the isolation of the bisphosphine,

97

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Recent experimental results have demonstrated that the use of Na^PO^ is considerably
more successful in complexing the AICI3 .
Our in depth study of this reaction also provided surprising insight into the
formation of the bisphosphine. It was originally thought that the bisphosphine was
synthesized from the transmetalation reaction of P C I 3 with bis(dichIoroalumino)methane.
We have since observed that the reagent necessary for the synthesis of C I 2 P C H
actually P C I 3 and
P C I3

P O C I3

2 P C I2

is

(pg. 5 8 , 6 4 ) . The addition of P O C I 3 to the reaction mixture after

is essential and should not be replaced by another complexation agent.
6.2.1. Suggestions for Improvement
We believe that we could probably increase our ability to isolate the CI2 PCH 2 PCI2

by a few percent during the Na3 P0

4

route by extracting the bisphosphine into high

boiling petroleum ether. This step should be performed after all the volatiles are removed
and the crude reaction mixture has been concentrated to the observed viscous brown
paste. The petroleum ether extracts should then be further concentrated and the residue
obtained should then be subjected to vacuum distillation. It is hoped that the washings
with petroleum ether will preferentially extract the bisphosphine thus separating it from
the precipitated POCferAICb complex contained in the brown residue.
Another proposed method that may improve the yields of the reaction is to change
the order of addition of reactants. Throughout all the experiments in chapter 4, the

P C I3

has been added to the solution of bis(dichloroalumino)methane in DCM. Reversing the
addition, i.e., adding the DCAM to a solution of P C I 3 / P O C I 3 in DCM may increase the
yield by minimizing reaction of C I 2 P C H

2 P C I2

with DCAM and P C I 3 to form trimeric and

higher oligomers like ChPCFfePCCljCffePCh.
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6.3. Isolation of C orannulene Metal Complex
As discussed in chapter 5, we believe that we have successfully synthesized
symmetric (and unsymmetric) corannulene metal complexes by reaction of various metal
precursors with the neutral, radical anion and dianion forms of corannulene. An
explanation for the incomplete reaction seen in some cases is probably due to the
incomplete conversion of neutral corannulene to either its radical anion or dianion form
in presence of alkali metal. The formation of radical anion is announced by the
appearance of an emerald green color which is not an indication of complete conversion
to radical anion form. Further reduction to the dianion results from continued exposure to
the alkali metal. In the case of Na or K metal the reduction stops at the dianion. Perhaps
significantly longer periods of sonication in minimal amount of solution with only a
slight excess of alkali metal may help guarantee complete conversion of neutral
corannulene to the dianion form. Keep in mind that excess of alkali metal in solution may
deactivate the metal precursor used in the latter stage of the reaction.
Of the Group VI metals, W and Mo have provided the best results and show the
most promise for further investigation. The methods for synthesis of a [(r)5 -corannulene)
ML3 ]n+ complex have already been described in the experimental section of chapter 5.
The problem has been the isolation of the proposed metal corannulene complex. It is
hoped that by starting with larger quantities of corannulene

(1

gram) and by combining

chromatographic techniques for separation a suitable crystal can be obtained for x-ray
diffraction.
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6.4. Safety and Toxicity Issues
Halogenated mono- and bis-phosphorus compounds can on exposure to air, water
and other organic compounds react to form phosphines with release of HC1 gas in
addition to the other by products of the reaction. Hence there arises an associated health
risk inherent in the handling o f phosphorus compounds that can result the development of
sensitivity to organophosphorus compounds. Despite the good ventilation and the
attention that was paid to containing the reagents, exposure to the phosphorus compounds
resulted in severe and rapid bio-reactions that were manifested itself as a rash on the face
and neck.
Mechanical equipment in the laboratory was not spared from the corrosive effects
of exposure to halogenated organophosphorus compounds. This was usually evident from
the development of rust even on stainless steel surfaces. However, the most expensive
damage to equipment was the loss of several vacuum pumps because o f introduction of
the halophosphines into the pump. Some of the lower molecular weight halogenated
organophosphorus compounds are extremely volatile and may escape condensation in the
cold trap allowing them to enter the vacuum pump. On exposure to air and moisture these
compounds decompose releasing HC1 and thus cause severe damage to the vacuum
pumps.
Safeguards were taken to prevent these this situations from occurring during
distillations and other high vacuum operations. In addition to the receiver flasks kept in
dewars filled with liquid nitrogen, the vacuum manifold was fitted with a low
temperature vapor trap followed by a chemical trap filled with KOH pellets and this was
then followed by another low temperature vapor trap. The intention was to insure that the
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organophosphorus compounds not condensed in the first vapor trap would be rendered
benign by reaction with KOH and the second vapor trap provided further protection
against entry of corrosive compounds into the vacuum pump. The only drawback to this
manifold system was that the hygroscopic KOH trap needed to be changed each week.
Failure to recharge the chemical trap with fresh KOH pellets resulted in decreased
vacuum capabilities due to clumping of KOH in the trap.
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CHAPTER 7
MISCELLANEOUS EXPERIMENTAL
All reactions and manipulations were performed using standard Schlenk and dry
box techniques. Tetrahydrofuran, diethyl ether and hexanes was distilled from
potassium/benzophenone, dichloromethane was distilled from CaH2, ethylene glycol
dimethyl ether was distilled from sodium/potassium amalgam, anhydrous toluene and
other solvents were purchased from Aldrich and used without further purification. All
reagents were obtained from Aldrich and Strem and used without further purification
unless otherwise indicated. *H and 31P NMR spectra were recorded on either a Bruker
250 MHz and 300 MHz (*H) spectrometer (101.2 MHz or 121.4 MHz for 3 lP). Chemical
shifts for ‘H and jlP NMR are reported relative to TMS (tetramethylsilane: internal
standard) and H 3 P O 4 (external standard).
7.1. Synthesis of Tris(trimethylsilyl)phosphine
This was prepared according to the procedure developed by Koch. 7 2 To a 5 liter
three neck flask equipped with

2

condensers was added white phosphorus sticks (60.0 g,

1.937 mole) which have been previously scraped under water to remove any oxide
present. This system was then subjected to vacuum for 2 hours to remove any traces of
water and air. While under nitrogen 3.5 liters of dry ethylene glycol dimethyl ether was
added. The mixture was then refluxed for 3 hours or until the phosphorus dissolved. The
mixture was then allowed to cool and Na/K alloy (209.2 g, 3.70 mole in K and 2.80 mole
in Na) was added dropwise and the color of the solution changed from a light orange to
coffee black. The mixture was then allowed to reflux overnight and while still refluxing,
102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

chlorotrimethylsilane (894 ml, 765 g. 7.04 mole) was added dropwise. The solution
turned to a mint green color with thickening resulting in the necessity of increasing the
speed of the mechanical stirrer. Additional amounts of glycol ether were added to keep
the salts from thickening further and to maintain stirring. The mixture was then filtered
under nitrogen and the salts washed with dry glycol ether. The resulting filtrate was then
concentrated to a thick red viscous solution which was then subjected to a distillation
under vacuum which yielded the pure product at 67 - 71°C.
Isolated yield: Colorless oil, 60 - 65%, 3IP NMR

(8

ppm): -255 (s) in acetone-c^

7.2. Synthesis of Diethylvinylphosphine
The procedure used in the preparation of this compound is similar to the one
noted in the literature.

73

To a solution of vinylmagnesium bromide (162 mL, 0.162 mole.

1.0 M in THF) in a schlenk flask under nitrogen and at 0°C was added a solution of
diethylchlorophosphine (20.2 g, 0.162 mole) in 10 ml of dry THF dropwise via canula. A
slight yellow color is detected alongwith a white precipitate. After removal of the ice
bath, the mixture was stirred for an additional 15 minutes and the solvent and reaction
product is collected using a vacuum trap method. After distilling the air sensitive product
under nitrogen atmosphere the product was obtained at 124°C. Alternatively the
undistilled product can be used for the photolysis reaction. Isolated yield: Colorless
liquid, 55 - 60% 3IP NMR

(8

ppm): -21 (s) in acetone-d*

7.3. Synthesis of Bis(phenylphosphino)methane.
The procedure used in the preparation of this compound is similar to the one
noted in the literature. 7 3 In a glove box, to a 1 liter schlenk flask containing 220 mL of
degassed DMF was added phenylphosphine (21.2 g, 0.19 mole) and dry DCM (8.2 g,
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0.10 mole). After removal from the glove box and under a nitrogen atmosphere a solution
of 56% KOH was added dropwise and with stirring at 0°C. After continuous stirring for 4
hours, 145 ml of degassed water was added all at once. After addition o f water, the
product was extracted with degassed pentane (3 x 60 ml). The pentane extracts were
separated and combined and the solvent was removed under vaccum leaving behind a
faint yellowish oil. Isolated yield: 45 - 50% 3lP NMR

(8

ppm): -55 (s), -56 (s) in CgDe

7.4. Synthesis o f et,ph-P4
This was prepared similarly to the procedure noted in the literature 7-5 unless
otherwise noted. To a schlenk flask containing neat diethylvinylphosphine (2.0 g, 0.02
mole) was added neat bis(phenylphosphino)methane (2.0 g, 0.01 mole). The mixture was
photolysed for 2 days which resulted in the desired product. Alternatively, a solution of
diethylvinylphosphine in THF can also be photolysed with the appropriate stoichiometric
equivalent of bridge for 7 days, resulting in the desired product after removal of solvent
in vacuo. Isolated yield: pale yellow oil, 99% 3IP NMR

(8

ppm): -19 (t), -26 (t), -27 (t) in

CfcDs
7.5. Synthesis o f Rh(acac)(nbd)
This was prepared according to the procedure noted in the literature . 7 4 To a
schlenk flask charged with Rh(acac)C 0

2

(10.8 g, 0.04 mole) was added 200 mL of

nobomadiene. The solution was refluxed for 3 hours with continuous stirring while
bubbling nitrogen through the solution. The solution turns from dark green to bright
yellow. After cooling the solution was filtered through celite and the excess solvent
removed in vacuo. The yellow powder obtained was recrystailized from THF/hexane to
form yellow crystals. Isolated yield: 95%
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7.6. Synthesis of [Rh(nbd>2 ] (BF4)
The procedure used to prepare this compound is similar to the one noted in the
literature. 7 4 To a 250 ml erlenmeyer in the glove box was added Rh(acac)(nbd) (18.0 g,
0.06 mole) which was dissolved in 200 mL of dry THF. The solution was cooled to -20°C
and HBF4 .OEt2 ( 1 1.7 g, 0.06 mole, 85% in diethyl ether) was added dropwise while
stirring. A color change from yellow to dark red was detected. After addition of HBF4,
neat norbomadiene (17.3 g, 0.18 mole) was added and immediate formation of an orange
red precipitate was detected. The solution was then cooled to -20°C and the resulting
precipitate was filtered. Isolated yield: Red crystals, 85%
7.7. Synthesis of [Rh2(nbd)2(et,ph-P4)] (BF4)2
The procedure used to prepare this compound is similar to the one noted in the
literature. 7 4 The mixed et,ph-P4 ligand (2.32 g, 5 mmole) diluted with 5 mL of dry DCM
was added dropwise to a solution of [Rh(nbd)2 l+ BF4 (3.7 g, 10 mmole) in 15 ml of dry
DCM with stirring under a nitrogen atmosphere in the glove box. The resulting solution
was slowly added to 150 mL of dry diethyl ether with vigorous stirring, this resulted in an
orange precipitate which is a mixture of the meso and racemic bimetallic complexes. The
precipitate was filtered, collected and dissolved in dry hexane and cooled to -20°C which
resulted in the racemic complex crystallizing out. Isolated yield: red solid, 90%
3IP NMR (5 ppm in CD 2 CI2 ): Racemic complex: 58 (dd), 47.5 (doublet of multiplets)
Meso complex: 58.7 (dd), 46.9 (doublet of multiplets)
7.8. Synthesis of Co(nbd>2 (CO >4
The procedure used to prepare this compound is similar to the one noted in the
literature. 7 5 To a solution of Co2 (CO)s (4.0 g, 0.012 mole) in 60 mL of dry hexane was
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added dropwise neat norbomadiene (21.6 g, 0.234 mole) with constant stirring. After
addition of norbomadiene the solution was refluxed for 3 hours. The color changed from
dark brown to dark red and a precipitate was detected. After stirring overnight the excess
solvent and norbomadiene was removed in vacuo. 30 mL of dry diethyl ether was then
added to the precipitate and the solution was kept at -30°C overnight before the red
crystals were collected. Isolated yield: red crystals, 70% b i lk (cm-1): 3056m, 2960m,
2925m, 2854w, 1460m, 1306m, 1182m, 1089w, 673m
7.9. Synthesis of meso-Co2(CO)4(et,ph-P4)
The procedure used in the preparation of this compound is similar to the one
noted in the literature. 7 6 In a glove box, a schlenk flask was charged with Co(CO)4 (nbd ) 2
(200 mg, 0.48 mmole) and meso-et,ph-P4 (224 mg, 0.48 mmole). After adding 20 mL of
dry hexane the reaction mixture was stirred overnight and then filtered. The dried brown
precipitate was analyzed. Isolated yield: 45 - 50% 3IP NMR

(8

ppm): 63.8 (s), 85.2 (s) in

C<>D6
7.10. Synthesis of rac-Co2(CO)4(et,ph-P4)
The procedure used in the preparation of this compound is similar to the one
noted in the literature. 7 7 In a glove box, a schlenk flask was charged with Co2 (C0 4 )(nbd ) 2
(200 mg, 0.48 mole) and rac-et,ph-P4 (224 mg, 0.48 mole). After adding 20 ml of dry
hexane the reaction mixture was stirred overnight and filtered. The brown precipitate was
then analyzed. Isolated yield: 45 - 50% 31P NMR ( 8 ppm): 63.8 (s), 85.2 (s) in C<>D6
7.11. Synthesis of 4-bromo-2,6-di-tert-butyl-l-methoxybenzene
The procedure used in the preparation of this compound is similar to the one
noted in the literature. 7 8 Potassium hydroxide (7.85 g, 0.14 mole) was dried under
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vacuum and added to a 3-neck round bottom equipped with a magnetic stir bar under
nitrogen blanket. To this flask was added 150 mL of dry DMSO by cannula and then 4bromo-2,6-di-tert-butylphenol (10.0 g, 0.035 mole) was added all at once. The solution
immediately turned yellow. To this mixture was added methyiiodide (4.35 mL, 0.07
mole) by syringe. The reaction mixture turned a gold color and then red in a period of 5
minutes. A fine precipitate was detected and the reaction mixture was allowed to stir for 2
hours. Then 50 mL of water was added which turned the reaction mixture pink. On
transfer of the reaction mixture to a sparatory funnel the aqueous was extracted with
dichloromethane ( 2 x 1 5 mL). The combined organics were then concentrated by solvent
removal under vacuum till a yellow oil was obtained. Column chromatography on silica
gel with pentane gave a colorless fraction which was concentrated to give a solid white
product. Isolated yield: white solid, 42 % ‘H NMR (5 ppm): 7.33 (s, 2 H), 3.67 (s, 2 H),
1.40 (s, 18 H) in CD 2 C12
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